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(57) ABSTRACT 

Organometallic complexes are provided, Which include a 
catalyst containing a transition metal, a ligand and a com 
ponent having the formula GArF. ArF is an aromatic ring 
system selected from phenyl, naphthalenyl, anthracenyl, 
?uorenyl, or indenyl. The aromatic ring system has at least 
a substituent selected from ?uorine, hydrogen, hydrocarbyl 
or ?uorinated hydrocarbyl, G is substituted or unsubstituted 
(CH2)n or (CF2)n, Wherein n is from 1 to 30, Wherein further 
one or more CH2 or CF2 groups are optionally replaced by 
NR, PR, SiR2, BR, O or S, or R is hydrocarbyl or substituted 
hydrocarbyl, GArF being covalently bonded to either said 
transition metal or said ligand of said catalyst, thereby 
rendering said cationic organometallic complex liquid. The 
catalyst of the organometallic complex can be [CpM(CO)2 
(NHC)Lk]+A_, Wherein M is an atom of molybdenum or 
tungsten, Cp is substituted or unsubstituted cyclopentadienyl 
radical represented by the formula [C5Q1Q2Q3Q4Q5], 
Wherein Q1 to Q5 are independently selected from the group 
consisting of H radical, GArF C1_2O hydrocarbyl radical, 
substituted hydrocarbyl radical, substituted hydrocarbyl 
radical substituted by GArF, halogen radical, halogen 
substituted hydrocarbyl radical, —OR, —C(O)R‘, —COZR‘, 
—SiR‘3 and —NR‘R“, Wherein R‘ and R“ are independently 
selected from the group consisting of H radical, C1_2O 
hydrocarbyl radical, halogen radical, and halogen 
substituted hydrocarbyl radical, Wherein said Q1 to Q5 
radicals are optionally linked to each other to form a stable 
bridging group, NHC is any N-heterocyclic carbene ligand, 
L is either any neutral electron donor ligand, Wherein k is a 
number from 0 to 1 or L is an anionic ligand Wherein k is 2, 
and A‘ is an anion. Processes using the organometallic 
complexes as catalysts in catalytic reactions, such as for 
example, the hydrosilylation of aldehydes, ketones and 
esters are also provided. 

30 Claims, 2 Drawing Sheets 
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RECYCLABLE CATALYSTS METHODS OF 
MAKING AND USING THE SAME 

REFERENCE TO RELATED APPLICATIONS 

This application is a continuation-in-part of US. patent 
application Ser. No. 10/320,954 ?led on Dec. 17, 2002 now 
US. Pat. No. 6,737,531. 

GOVERNMENT RIGHTS IN THE INVENTION 

This invention Was made With Government support under 
contract number DE-AC02-98CH10886, aWarded by the 
US. Department of Energy. The Government has certain 
rights in the invention. 

BACKGROUND OF THE INVENTION 

The present invention relates to catalysts for the homog 
enous hydrogenation or hydrosilylation of carbonyl com 
pounds. More speci?cally, the invention relates to processes 
for the hydrogenation of ketones and aldehydes using orga 
nometallic complexes of tungsten and molybdenum 
(Mo) as catalysts or catalyst precursors. The invention also 
relates to processes for the hydrosilylation of ketones, alde 
hydes and esters using the same catalysts or catalyst pre 
cursors. 

Hydrogenation reactions involve the addition of hydrogen 
to an organic compound Whereby, for example, a ketone can 
be reduced to an alcohol. Prior art processes have generally 
required the presence of a heterogeneous catalyst With a 
solid phase of platinum, rhodium, palladium or nickel along 
With relatively high hydrogen pressure and elevated tem 
perature. 

Other hydrogenation processes currently in use employ 
inexpensive Mo and W metals to hydrogenate ketones under 
mild conditions of temperature and pressure. HoWever, a 
limitation encountered With these processes is the decom 
position of the catalysts, due to dissociation of a phosphine 
ligand. 

Hydrosilylation reactions involve the addition of hydrosi 
lane to ketones, aldehydes, or esters to form primarily 
alkoxysilanes. Prior art hydrosilylation processes have also 
required rhodium, platinum or palladium complexes as 
catalysts. 

Thus, traditional homogeneous catalysts for hydrogena 
tion or hydrosilylation of ketones or aldehydes use precious 
metals such as platinum (Pt), rhodium (Rh), iridium (Ir) or 
ruthenium (Ru), Which are expensive and, therefore, fre 
quently uneconomical. In contrast, the catalysts of the 
present invention, Which use either molybdenum (M0) or 
tungsten (W), are prepared With less expensive metals, and, 
therefore, offer economic advantages. 

The present invention also relates to recyclable and recov 
erable homogeneous catalysts including organometallic 
complexes that can be used in solvent-free catalytic reac 
tions. 
Homogeneous catalysts offer many advantages over het 

erogeneous catalysts, but the pervasive problem of separat 
ing the reaction product from the catalyst constitutes a 
draWback to the utility of many homogeneous systems. 
There have been attempts in the prior art to facilitate 
recycling of homogenous catalysts. For example, ZWei, X., 
et al. in “Reaction—controlled phase—transfer catalysis for 
propylene epoxidation to propylene oxide, Science, 292, 
1139 (2001) exploits a decrease in catalyst solubility When 
one reagent is consumed. A more general approach utiliZing 
the thermoregulated miscibility of organic and ?uorous 
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2 
(?uorinated organic) solvents With catalyst recovery in the 
?uorous phase is described by Horvath, I. T., in “Fluorous 
Biphase Chemistry”,Acc. Chem. Res., 31, 641—650, (1998). 
Other attempts in the prior art used ?uorous thermomorphic 
catalysts, Which alloW reactions Without ?uorous solvents 
and even Without solvent at all as described by Wende, M. 
et al. in “Fluorous Catalysis under Homogeneous Condi 
tions without F luorous Solvents,” J. Chem. Soc, 125, 5861 
(2003). 
The principles of green chemistry and green engineering 

indicate that avoiding the use of solvents is an important Way 
to prevent generation of Waste. Furthermore, a solvent-free 
transformation from pure reagents to pure products poten 
tially yields a dramatic change in the properties of the 
medium and provides an opportunity for attaining catalyst 
self-precipitation. Precipitation, in turn, helps to avoid using 
solvents in the subsequent separation stages, further pre 
venting Waste generation. A useful catalyst should stay at 
least someWhat soluble until the last molecule of the sub 
strate is consumed. Rare instances of such retention of 
solubility are knoWn among compounds With a loW aptitude 
for crystal lattice formation. Such compounds can furnish a 
liquid phase—a liquid clathrate—With just a feW equivalents 
of the solvent per equivalent of the otherWise solid compo 
nent. This behavior is observed among ionic complexes With 
Weakly coordinating counterions, Where the charges are 
delocaliZed over large molecular fragments, and the crystal 
packing forces are Weakened. HoWever, liquid clathrates 
have thus far not been used to enable catalysts to remain in 
a liquid phase in catalytic reactions. 

There is, therefore, still a need in the chemical arts for 
catalysts that can catalyZe catalytic reactions in the absence 
of a solvent. There is also a need for catalysts that can 
catalyZe catalytic reactions in the liquid phase and can be 
easily separated from products. 

SUMMARY OF THE INVENTION 

The present invention relates to catalysts and processes 
that use catalysts for the homogeneous catalytic hydroge 
nation of ketones and aldehydes to alcohols With H2 as the 

stoichiometric redundant and organometallic tungsten and molybdenum (Mo) complexes as the catalysts. 

The present invention also relates to catalysts and pro 
cesses for the hydrosilylation of ketones, aldehydes or 
esters, represented by the formulas R(C=O)R1, R(C=O)H 
or R(CO2)R1. The functional groups R and R1 are selected 
from hydrogen, C1_3O hydrocarbyl radicals and substituted 
hydrocarbyl radicals, Which can be the same or different. 

The catalyst or catalyst precursor includes an organome 
tallic complex represented by the formula I 

Wherein M is a molybdenum or tungsten atom; Cp is 
substituted or unsubstituted cyclopentadienyl radical repre 
sented by the formula [C5Q1Q2Q3Q4Q5], Wherein Q1 to Q5 
are independently selected from the group consisting of H 
radicals, hydrocarbyl radicals and substituted hydrocarbyl 
radicals, halogens (F, Cl, Br, I), halogen-substituted hydro 
carbyl radicals, and radicals represented by the formulas 
—OR‘, —C(O)R‘, —CO2R‘, —SiR‘3, —NR‘R“ Wherein R‘ 
and R“ are independently selected from the group consisting 
of H radicals, hydrocarbyl radicals, halogens, and halogen 
substituted hydrocarbyl radicals, Wherein further Q1 to Q5 
radicals can be optionally linked to each other to form a 
stable bridging group; NHC is any N-heterocyclic carbene 
ligand, L is either any neutral electron donor ligand Wherein 
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k is a number from 0 to 1 or L is an anionic ligand Wherein 
k is 2, and A‘ is an anion. 

In an embodiment, the catalysts of the invention can be 
prepared by reacting a metal hydride represented by the 
formula II: 

With a hydride removing agent selected from BR3 or a 
compound represented by formula Y+A_, Wherein Y is 
selected from the group consisting of (aryl)3C+, (aryl)2HC+, 
C7H7+, R3NH+, Ag+ and (C5R5)2Fe+, Wherein R is a hydro 
carbyl or substituted hydrocarbyl, A is an anion selected 
from the group consisting of B134‘, P136‘, SbF6_, CF3SO3_, 
CB11H12_, CB9H1O_CB9H5X5_, CB11H6X6_, Wherein X is 
F‘, Cl‘, Br or I‘, HBR3_, Wherein R is hydrocarbyl or 
substituted hydrocarbyl, and [(M‘)Z1Z2 . . . Z”]_, M‘ is an 
element selected from atoms of group 13, n is the total 
number of Z ligands or n is 4, and Z1 to Z” are independently 
selected from the group consisting of H radical, C1_2O 
hydrocarbyl radical, substituted hydrocarbyl radical, 
halogens, halogen-substituted hydrocarbyl radical, 
hydrocarbyl-, halogen-substituted hydrocarbyl organomet 
alloid radical, —OR, —C(O)R‘, —COZR‘, and —NR‘R“, 
Wherein R‘ and R“ are independently selected from the group 
consisting of H radicals, C1_2O hydrocarbyl radical, 
halogens, and halogen-substituted hydrocarbyl radical; Z1 to 
Z” radicals can be optionally linked to each other to form a 
stable bridging group. In the metal hydride of formula II, Cp, 
M and NHC are as described herein above. 

The process for catalytic hydrogenation includes contact 
ing an organic compound Which contains at least one reduc 
ible functional group selected from the group consisting of 
R(C=O)R1 and R(C=O)H, Wherein R and R1 are each 
independently selected from hydrogen or any C1—C2O 
hydrocarbyl or substituted-hydrocarbyl radical With hydro 
gen in the presence of a catalyst to form a reaction mixture, 
Wherein the catalyst comprises an organometallic complex 
described above and represented by the formula: 

Wherein Cp, M, NHC, Lk and A“ are as described herein 
beloW. 

The process for catalytic hydrosilylation includes contact 
ing an organic compound Which contains at least one func 
tional group selected from the group consisting of R(C=O) 
R1, R(C=O)H, and R(CO2)R1, Wherein R and R1 are each 
independently selected from hydrogen or any C1—C3O 
hydrocarbyl or substituted-hydrocarbyl radical in the pres 
ence of hydrosilane With a catalyst to form a mixture, 
Wherein the catalyst comprises an organometallic complex 
described above and represented by the formula: 

Wherein Cp, M, NHC, Lk and A“ are as described herein 
beloW. 

The hydrogenation process is carried out in the presence 
of hydrogen at a pressure from 1 atmosphere to 5000 psi, and 
at a temperature of from —95° C. to 120° C. Preferably, the 
pressure is from about 1 atmosphere to about 800 psi and the 
temperature is from 20° C. to 100° C. The hydrosilylation 
process is carried out at a temperature from about —95° C. 
to about 120° C. and, in one aspect of the invention, from 
about 20° C. to about 100° C. 

The present invention also relates to an organometallic 
complex including a catalyst containing a transition metal, at 
least a ligand and a component having the formula GArF, 
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4 
Wherein ArF is an aromatic ring system selected from the 
group consisting of phenyl, naphthalenyl, anthracenyl, 
?uorenyl, or indenyl, said aromatic ring system having at 
least a substituent selected from the group consisting of 
?uorine, hydrogen, hydrocarbyl or ?uorinated hydrocarbyl, 
G is substituted or unsubstituted (CH2)n or (CF2)n, Wherein 
n is from 1 to 30, Wherein further one or more CH2 or CF2 
groups are optionally replaced by NR, PR, SiR2, BR, O or 
S, and R is hydrocarbyl or substituted hydrocarbyl, GArF 
being covalently bonded to either said transition metal or 
said ligand of said catalyst, thereby rendering said cationic 
organometallic complex liquid. 

In one aspect in the organometallic complexes of the 
invention the catalyst is represented by formula I 

Wherein M is a metal selected from molybdenum or tung 
sten; Cp is substituted or unsubstituted cyclopentadienyl 
radical represented by the formula C5[Q1Q2Q3Q4Q5], 
Wherein Q1 to Q5 are independently selected from the group 
consisting of H radical, GArF, C1_2O hydrocarbyl radical 
substituted hydrocarbyl radical, hydrocarbyl radical substi 
tuted by GArF, halogen radical, halogen-substituted hydro 
carbyl radical, —OR, —C(O)R‘, —COZR‘, —SiR‘3, 
—NR‘R“ Wherein R‘ and R“ are independently selected from 
the group consisting of H radical, GArF, C1_2O hydrocarbyl 
radical, halogen radical, and halogen-substituted hydrocar 
byl radical, Wherein said Q1 to Q5 radicals can be optionally 
linked to each other to form a stable bridging group; NHC 
is any N-heterocyclic carbene ligand, L is either any neutral 
ligand, Wherein k is a number from 0 to 1 or L is an anionic 
ligand Wherein k is 2, and A“ is an anion. 

In another aspect in the organometallic complexes of the 
invention, NHC is an unsubstituted or substituted 
N-heterocyclic carbene ligand selected from the group con 
sisting of carbenes represented by formula III 

III 
4 5 R6 R7 

R R R4 R5 

R8— —R9 R8—N N-R9 
\/ \/ 

R4 R5 

\ 4< N_ 

R8—N/ N—R9 
\/ 

Wherein R4, R5, R6, R7, R8 and R9 are each independently 
hydrogen, GArF, halogen or a substituent selected from the 
group consisting of C1—C2O alkyl, C2—C2O alkenyl, C2—C2O 
alkynyl, aryl, C1—C2O carboxylate, C1—C2O alkoxy, C2—C2O 
alkenyloxy, C2—C2O alkynyloxy, aryloxy, C2—C2O 
alkoxycarbonyl, C1—C2O alkylthiol, aryl thiol, C1—C2O alkyl 
sulfonyl and C1—C2O alkylsul?nyl, Wherein further each R4, 
R5, R6, R7, R8 and R9 is optionally substituted With one or 
more moieties selected from the group consisting of C1—C2O 
hydrocarbyl, hydrocarbyl radical substituted by GArF, 
C1—C2O alkoxy, hydroxyl, thiol, thioether, ketone, aldehyde, 
ester, ether, amine, imine, amide, nitro, carboxylic acid, 
disul?de, carbonate, isocyanate, carbodiimide, carboalkoxy, 
carbamate and halogen, Wherein R4, R5, R6, R7, R8 and R9 
radicals are optionally linked to each other to form a stable 
bridging group. 

In yet another aspect, in the organometallic complexes of 
the invention L is selected from the group consisting of a 
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hydrocarbon or halogenated hydrocarbon molecule, a dihy 
drogen (H2) or hydrosilane, a ketone, an aldehyde or an 
ester, an alkoxysilane, ether or alcohol molecule, a combi 
nation of tWo anionic ligands selected from the group 
consisting of hydride (H‘), silyl (SiR1OR11R12)_ and mix 
tures thereof, Wherein R10, R11, R12 are independently 
hydrogen, halogen or a substituent selected from the group 
consisting of C1—C2O alkyl, C2—C2O alkenyl, C2—C2O alkynyl, 
aryl, C1—C2O carboxylate, C1—C2O alkoxy, C2—C2O 
alkenyloxy, C2—C2O alkynyloxy, aryloxy, C2—C2O 
alkoxycarbonyl, C1—C2O alkylthiol, aryl thiol, C1—C2O alkyl 
sulfonyl and C1—C2O alkylsul?nyl, Wherein further each R10, 
R11, R12 is optionally substituted With one or more moieties 
selected from the group consisting of C1—C2O hydrocarbyl, 
C1—C2O alkoxy, hydroxyl, thiol, thioether, ketone, aldehyde, 
ester, ether, amine, imine, amide, nitro, carboxylic acid, 
disul?de, carbonate, isocyanate, carbodiimide, carboalkoxy, 
carbamate and halogen. 

In another aspect in the organometallic complexes of the 
invention the anion (A‘) is selected from the group consist 
ing of BF4_, PF6_, SbF6_, CF3SO3_, CB11H12_, CB9H1O_ 
CB9H5X5_, CB11H6X6_, Wherein X is F Cl, Br or I, HBR3_, 
Wherein R is a hydrocarbyl or substituted hydrocarbyl, and 
[(M‘)Z1 Z2 . . . Z”]_, M‘ is an element selected from atoms 
of group 13, n is the total number of Z ligands or n is 4, and 
Z1 to Z” are independently selected from the group consist 
ing of H radical, GArF, C1_2O hydrocarbyl radical, substi 
tuted hydrocarbyl radical, hydrocarbyl radicals substituted 
by GArF, halogens, halogen-substituted hydrocarbyl radical, 
hydrocarbyl-, halogen-substituted hydrocarbyl organomet 
alloid radical, —OR, —C(O)R‘, —COZR‘, and —NR‘R“, 
Wherein R‘ and R“ are independently selected from the group 
consisting of H radicals, C1_2O hydrocarbyl radicals, 
halogens, and halogen-substituted hydrocarbyl radical; said 
Z1 to Z” radicals optionally linked to each other to form a 
stable bridging group. 

In another aspect the catalyst of the organometallic com 
plex is represented by formula XI 

Wherein M, Cp, Q6, Q7, Q8, Lk, andA are as de?ned herein. 
In another embodiment, the invention provides a process 

for conducting a catalytic reaction, including contacting a 
reaction mixture including reactants With an organometallic 
complex having a catalyst containing a transition metal, at 
least a ligand and a component having the formula GArF, 
Wherein ArF is an aromatic ring system selected from the 
group consisting of phenyl, naphthalenyl, anthracenyl, 
?uorenyl, or indenyl, said aromatic ring system having at 
least a substituent selected from the group consisting of 
?uorine, hydrogen, hydrocarbyl or ?uorinated hydrocarbyl, 
G is substituted or unsubstituted (CH2)n or (CF2)n, Wherein 
n is from 1 to 30, Wherein further one or more CH2 or CF2 
groups are optionally replaced by NR, PR, SiR2, BR, O or 
S, and R is hydrocarbyl or substituted hydrocarbyl, GArF 
being covalently bonded to either said transition metal or 
said ligand of said catalyst, thereby rendering said cationic 
organometallic complex liquid and recovering the catalyst 
after products are formed. 

In yet another aspect, the catalysts of the organometallic 
complex of the invention include Without limitation (1,5 
cyclooctodiene)Ir(PRC6A’F3)(pyridine)+PF6_, (C5H5)W 
(CO)2(PRC6ArF3)(Et2C:O)+B(C6F5)4—> and (C5H5)W 
(CO)2 (In1A’C6A’F)+B(C6F5)4_, Wherein RCGA’F is CGF5 
(CH2)6, and ImArCGA’F is represented by formula X 
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In yet another aspect, the invention relates to a method of 
preparing organometallic complexes including a catalyst 
containing a transition metal, a ligand and a component 
GArF Wherein ArF is an aromatic ring system selected from 
the group consisting of phenyl, naphthalenyl, anthracenyl, 
?uorenyl, or indenyl, said aromatic ring system having at 
least a substituent selected from the group consisting of 
?uorine, hydrogen, hydrocarbyl or ?uorinated hydrocarbyl, 
G is substituted or unsubstituted (CH2)n or (CF2)n, Wherein 
n is from 1 to 30, Wherein further one or more CH2 or CF2 
groups are optionally replaced by NR, PR, SiR2, BR, O or 
S, and R is hydrocarbyl or substituted hydrocarbyl, GArF 
being covalently bonded to either said transition metal or 
said ligand of said catalyst, thereby rendering said cationic 

organometallic complex liquid, the method including providing GArF, and (ii) covalently bonding GArF to either 

a metal or a ligand of said catalyst. 
As a result of the present invention catalysts are provided 

With signi?cantly higher lifetime and increased thermal 
stability. Moreover, the homogeneous organometallic Mo 
and W complexes of the present invention provide an 
effective hydrogenation or hydrosilylation catalyst at a con 
siderably reduced cost over the prior art catalysts that use Pt, 
Rh, Ir or Ru complexes. As also a result of the present 
invention organometallic complexes including metal cata 
lysts that exhibit behavior akin to liquid clathrates are 
provided that remain reactive and accessible to reagents 
under biphasic conditions even if the catalysts are not 
soluble in the reagent phase. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A—1E are photographs illustrating the catalytic 
hydrosilylation of Et2C=O by [CpW(CO)2(IMes)]+[B 
(C6F5)4]' 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention relates broadly to catalysts or 
catalyst precursors used for a variety of hydrogenation or 
hydrosilylation reactions. 
Catalysts 
The active catalyst of the present invention is an organo 

metallic complex represented by the formula: 

Wherein M is a molybdenum or tungsten atom; Cp is 
substituted or unsubstituted cyclopentadienyl radical repre 
sented by the formula [C5Q1Q2Q3Q4Q5], Wherein Q1 to Q5 
are independently selected from the group consisting of H 
radicals, hydrocarbyl radicals and substituted hydrocarbyl 
radicals, halogens (F, Cl, Br, I), halogen-substituted hydro 
carbyl radicals, and radicals represented by —OR‘, —C(O) 
R‘, —COZR‘, —SiR‘3, —NR‘R“, Wherein R‘ and R“ are 
independently selected from the group consisting of H 
radicals, hydrocarbyl radicals, halogens, and halogen 
substituted hydrocarbyl radicals), Wherein Q1 to Q5 radicals 
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can be linked to each other through a stable bridging group, 
NHC is any N-heterocyclic carbene ligand, L is either any 
neutral electron donor ligand, Wherein k is a number from 0 
to 1, or L is an anion ligand Wherein k is 2, and A- is an 
anion. NHC can be an unsubstituted or substituted 
N-heterocyclic carbene selected from the group consisting 
of carbenes represented by formula III 

Wherein R4, R5, R6, R7, R8 and R9 are each independently 
hydrogen, halogen or a substituent selected from the group 
consisting of C1—C2O alkyl, C2—C2O alkenyl, C2—C2O alkynyl, 
aryl, C1—C2O carboXylate, C1—C2O alkoXy, C2—C2O 
alkenyloXy, C2—C2O alkynyloXy, aryloXy, C2—C2O 
alkoXycarbonyl, C1—C2O alkylthiol, aryl thiol, C1—C2O alkyl 
sulfon6yl and C1—C2O alkylsul?nyl. Further, each of the R4, 
R5, R , R7, R8 and R9 radicals can be optionally substituted 
With one or more moieties selected from the group consist 
ing of C1—C2O hydrocarbyl, C1—C2O alkoXy, and other func 
tional groups, eXamples of Which include but are not limited 
to hydroXyl, thiol, thioether, ketone, aldehyde, ester, ether, 
amine, imine, amide, nitro, carboXylic acid, disul?de, 
carbonate, isocyanate, carbodiimide, carboalkoXy, 
carbamate, and halogen, Wherein R4, R5, R6, R7, R8 and R9 
radicals are optionally linked to each other to form a stable 
bridging group. In the metal hydride or formula II, Cp, M 
and NHC are as described herein above. 

The inclusion of an NHC ligand in the Mo and W catalysts 
of the invention has been found to improve the catalytic 
activity of these organometallic complexes. 

In another aspect of the invention, the N-heterocyclic 
carbene ligand is 1,3-bis(2, 4,6-trimethylphenyl)-imidaZol 
2-ylidene (IMes). 
When NHC is IMes the catalysts of the present invention 

are represented by the folloWing formula: 

Wherein M is M0 or W. 
The NHC ligands described above are easily obtained in 

accordance With methods Well knoWn in the art such as are 
described by Herrmann et al. in “N-Heterocyclic Carbenes,” 
Angew. Chem. Int. Ed., 36, 2162—2187, (1997) and Her 
rmann et al. in “N-Heterocyclic Carbenes: A NeW Concept 
in Organometallic Catalysts,” Angew. Chem. Int. Ed., 41, 
1290—1309, (2002) incorporated herein by reference so if set 
forth in full. 
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8 
In an embodiment, L can be selected from the group 

consisting of a hydrocarbon or halogenated hydrocarbon 
solvent molecule, a dihydrogen (H2) or dihydride (H_)2, a 
ketone or aldehyde substrate, a product alcohol molecule 
and miXtures thereof. 

In another embodiment, L can be selected from the group 
consisting of a hydrocarbon or halogenated hydrocarbon 
solvent molecule, a dihydrogen (H2) or hydrosilane, a 
ketone, an aldehyde or an ester substrate, an alkoXysilane, 
ether, or alcohol product molecule and mixtures thereof, or 
any combination of tWo anionic ligands such as hydride (H') 
and silyl (SiR1OR11R12)_ and miXtures thereof, Wherein R10, 
R11, R12 are independently hydrogen, halogen or a substitu 
ent selected from the group consisting of C1—C2O alkyl, 
C2—C2O alkenyl, C2—C2O alkynyl, aryl, C1—C2O carboXylate, 
C1—C2O alkoXy, C2—C2O alkenyloXy, C2—C2O alkynyloXy, 
aryloXy, C2—C2O alkoXycarbonyl, C1—C2O alkylthiol, aryl 
thiol, C1—C2O alkylsulfonyl and C1—C2O alkylsul?nyl, 
Wherein further each R10, R11, R12 is optionally substituted 
With one or more moieties selected from the group consist 

ing of C1—C2O hydrocarbyl, C1—C2O alkoXy, hydroXyl, thiol, 
thioether, ketone, aldehyde, ester, ether, amine, imine, 
amide, nitro, carboXylic acid, disul?de, carbonate, 
isocyanate, carbodiimide, carboalkoXy, carbamate and halo 
gen. 

For purposes of this invention, the term “hydrocarbon” 
refers to all permissible compounds having at least one 
hydrogen and one carbon atom. In a broad aspect, the 
permissible hydrocarbons include acyclic and cyclic, 
branched and unbranched, carbocyclic and heterocyclic, 
aromatic and nonaromatic organic compounds Which can be 
substituted or unsubstituted having C1_3O for nonaromatic 
organic compounds and C3_36 for aromatic organic com 
pounds. 
As used herein, the term “hydrocarbyl” refers to univalent 

groups formed by removing a hydrogen atom from a hydro 
carbon having 1—30 carbons. 
As used herein, the term “substituted” includes all per 

missible substituents of organic compounds unless other 
Wise indicated. In a broad aspect, the permissible substitu 
ents include acyclic and cyclic, branched and unbranched, 
carbocyclic and heterocyclic, aromatic and nonaromatic 
substituents of organic compounds. Illustrative substituents 
include, for example, alkyl, alkyloXy, aryl, aryloXy, hydroXy, 
hydroXyalkyl, amino, aminoalkyl, halogen and the like in 
Which the number of carbons can range from 1 to about 30. 
The permissible substituents can be one or more and the 
same or different for appropriate organic compounds. This 
invention is not intended to be limited in any manner by the 
permissible substituents of organic compounds. 
As used herein, the term “aryl” refers to an aromatic 

cyclic structure containing at least one monocyclic carbon 
ring including Without limitation phenyl, naphthyl, anthra 
cenyl and the like. “Substituted aryl” refers to an aryl group 
substituted With substituents as de?ned hereinabove. 
As used herein “biphasic solution” refers to a solution that 

has tWo distinct phases. 
Anion (A') can be selected from the group consisting of 

HBR3_, Wherein R is a hydrocarbyl or substituted 
hydrocarbyl, B134“, P136“, SbF6_, CF3SO3_, CB11H12_, 
CB9H1O_, CB9H5X5_, CB11H6H6_, Wherein X is F, Cl, Br 
and I, and [(M‘)Z1 Z2 . . . Z”]_ Wherein, M‘ is an element 
selected from the atoms of group 13; n is the total number 
of Z ligands, and Z1 to Z” are independently selected from 
the group consisting of H radicals, C1—C2O hydrocarbyl 
radicals and substituted hydrocarbyl radicals, halogens (F, 
Cl, Br, I), halogen-substituted hydrocarbyl radicals, 
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hydrocarbyl- and halogen-substituted hydrocarbyl organo 
metalloid radicals, and radicals represented by the formulas 
—OR‘, —C(O)R‘, —COZR‘, —NR‘R“, Wherein R‘ and R“ 
are independently selected from the group consisting of H 
radicals, C1—C2O hydrocarbyl radicals, halogens, and 
halogen-substituted hydrocarbyl radicals; Z1 to Z” radicals 
can be optionally linked to each other to form a stable 
bridging group. In another aspect, the total number of Z 
ligands is four. 

M‘ can be any metal of group 13 of the Periodic Table of 
Elements as published by CRC Press, Inc., 1984 including 
but not limited to boron, aluminum or gallium. Z1 to Z” are 
each ?uorine substituted phenyl, naphtyl or anthracenyl 
radicals. 

In another embodiment, the catalysts of the present inven 
tion can further include a solvent of crystalliZation thereby 
forming [CpW(CO)2 (NHC)Lk]+[A]_~Y‘h, Wherein h is a 
number from 0 to 2 and Y‘ is selected from the group 
consisting of any hydrocarbon, aromatic hydrocarbon, 
halocarbon, or ether, examples of Which include but are not 
limited to hexane, benZene, toluene, tetrahydrofuran, diethyl 
ether and mixtures thereof. 

The catalysts of the present invention have novel and 
valuable properties. For example, a stability at room tem 
perature (about 23° C.) and a useful combination of solu 
bility properties alloWs the use of the catalyst in “neat” or 
pure reagents, i.e., in the absence of a solvent. Another 
characteristic is that Whenever the substrates do not have 
aromatic groups, the catalysts precipitate upon completion 
of the hydrosilylation reaction, and can be efficiently recov 
ered from the reaction mixtures and reused. Thus many 
catalysts of the present invention are recyclable. 

In one aspect, the catalysts of the present invention are 
“clathrate-enabled.” As used herein “clathrate-enabled” 
refers to catalysts that exhibit the behavior of inclusion 
compounds or liquid clathrates. In their clathrate-enabled 
form, the organometallic complexes of the present invention 
are liquid and can retain their catalytic activity in a solvent 
free reaction until all of the liquid substrates are converted 
to liquid products. At the end of the catalytic reaction, the 
liquid catalysts, in some cases, revert to their solid state and 
can be recovered as precipitates by simply decanting the 
products of the reaction. 

In catalytic reactions, the cationic clathrate-enabled cata 
lysts of the invention are found in the presence of Weakly 
coordinating counterions, anions, A31 as de?ned herein 
above. In one aspect, the anions include a ?uorinated organic 
fragment, such as for example C6135. These types of orga 
nometallic complexes do not readily form crystalline lattices 
but remain as liquids, exhibiting behavior like that of 
metastable inclusion compounds and liquid clathrates. 
Method of Making the Catalysts 

The catalysts of the present invention are prepared by 
reacting a metal hydride represented by the formula CpM 
(CO)2(NHC)H With a hydride removing agent selected from 
BR3 or a compound represented by formula Y+A_, Wherein 
Y+ is selected from the group consisting of (aryl)3C+, 
(aryl)2HC+, C7H7+, R3NH+, Ag+ and (C5R5)2Fe+, Wherein R 
is a hydrocarbyl radical or substituted hydrocarbyl radical, 
A“ is an anion selected from the group consisting of B134“, 
PF6_, SbF6_, CF3SO3_, CB11H12_, CB9H1O_CB9H5X5_, 
CB11H6X6_, Wherein X is F, Cl, Br or I, HBR3_, Wherein R 
is a hydrocarbyl radical or subsubstituted hydrocarbyl 
radical, and [(M‘)Z1Z2 . . . Z”]_, M‘ is an element selected 
from atoms of group 13, n is the total number of Z ligands 
or n is 4, and Z1 to Z” are independently selected from the 
group consisting of H radical, C1_2O hydrocarbyl radical, 
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10 
substituted hydrocarbyl radical, halogens, halogen 
substituted hydrocarbyl radical, hydrocarbyl-, halogen 
substituted hydrocarbyl organometalloid radical, —OR, 
—C(O)R‘, —COZR‘, and —NR‘R“, Wherein R‘ and R“ are 
independently selected from the group consisting of H 
radicals, C1_2O hydrocarbyl radical, halogens, and halogen 
substituted hydrocarbyl radical; said Z1 to Z” radicals 
optionally linked to each other to form a stable bridging 
group. 

In one aspect, the hydride removing agent is Ph3C+A_, 
Wherein Ph is CGH5 and A“ is an anion as described 
hereinabove. 
The metal hydride represented by the formula CpM(CO)2 

(NHC)H is prepared by reacting a metal phosphine hydride 
represented by the formula CpM(CO)2(PR3)H, Wherein R is 
any C1—C2O alkyl or C6—C36 aryl group and combination 
thereof With NHC, Which is as described herein above. 
The active catalyst can be prepared prior to being mixed 

With the organic compound that is being hydrogenated or 
hydrosilylated, or it can be generated in the reaction mixture. 
When the catalyst is prepared in the reaction mixture, the 
metal hydride can be mixed With the hydride removing 
agent. 

Clathrates are generally formed only When either reagents 
or products have a suitable structure to form inclusion 
compounds With the catalyst. Suitable structures include 
Without limitation small aromatic molecules. In one aspect 
of the clathrate-enabled catalysts of the present invention the 
clathrate-like phase can be forced to form even in the 
absence of suitable reagents or products. It is important that 
the “clathrate-enabled” catalysts include an aromatic ring 
usually ?uorinated, linked to the catalyst by a long, ?exible 
tether or bridge that can be several carbons long. For 
example a suitable structure that can be used to form liquid 
clathrates is represented by formula V: 

v 
F 

F F 

c c 
/ 2 2 

F CH2 \c/ \CHZ 
H2 

F 
\ I k j 

Y Y 

ArF G 

In formula V, ArF is an aromatic ring system selected from 
the group consisting of phenyl, naphthalenyl, anthracenyl, 
?uroenyl and indenyl, the aromatic ring having a substituent 
selected from the group consisting of ?uorine, hydrogen, 
hydrocarbyl, ?uorinated hydrocarbyl. The tether or bridge G 
is a ?exible hydrocarbon (CH2)n or (CF2)n, Wherein n is 1 to 
30, and G can be fully or partially ?uorinated. G can 
optionally contain heteroatoms such as N, P, Si, O, B or S, 
Wherein one or more CH2 groups can be replaced by a 
moiety selected from the group consisting of NR, PR, SiR2, 
BR, O, and S, Wherein R is hydrocarbyl or substituted 
hydrocarbyl group. 

Cationic organometallic complexes containing one or 
more GArF moieties, are prepared from halide derivatives of 
GArF such as ClGArF, BrGArF, or IGArF. Synthetic pro 
cedures useful to prepare halide derivatives of GArF are 
knoWn in the art. For example, CGFSCFZCF2 Br can be 
prepared according to a procedure described in Yang, et al., 
2000. Other IGArF compounds can be prepared according to 
the procedure set forth in equation (1) beloW: 
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1. (PPh3)4Pd 

The ?uorination of the aromatic ring imparts to the 
catalyst the desired solubility characteristics, i.e., the cata 
lyst can be immiscible With the solvents and reagents at the 
end of the catalytic reaction. In addition, the catalysts can in 
some cases have little miscibility even during the reaction. 
The presence of multiple ?uorine atoms provides the desir 
able property of making the catalysts more soluble at higher 
temperatures than at loWer temperatures, thus facilitating 
improved separation and recovery of the catalyst at room 
temperature at the completion of the reaction. Suitable 
?uorinated aromatic ring include Without limitation C6F5 
and also condensed or fused rings such as a ?uorinated 

naphthalene or anthracene. An example of GArF including 
a ?uorinated naphthalene is shoWn in Formula VI beloW: 

VI 

In another aspect, at least one ?uorine on the aromatic 

ring, can be replaced With other substituents, such as for 
example, a hydrogen, hydrocarbyl or ?uorinated hydrocar 
byl group. The ?exible hydrocarbon bridge can be used to 
connect the ?uorinated aromatic ring to the molecule of the 
catalyst. 

In an embodiment, any transition metal catalyst capable 
of forming a covalent bond With a moiety such as GArF can 
form a liquid clathrate and can be used as a recyclable 

catalyst including cases of solvent-free catalysis. Catalysts 
that can form a covalent bond With GArF include Without 
limitations homogeneous catalysts of the formula I 

as de?ned hereinabove. GArF can covalently bond to the 
ligand L or to the meal M. In catalysts other than those of 
formula I, GArF can form a covalent bond With any transi 
tion metal. Transition metals are elements in groups 3 to 12 
of the Table of Elements. GArF can also covalently bond to 
ligands of the catalyst such as for example a 
cyclopentadienyl, phosphine or N-heterocyclic carbene 
ligand. Examples of catalysts of the formula I bonded to 
GArF are shoWn in formulas VII, VIII and IX beloW: 
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VII 

VIII 
R’ : any alkyl or aryl group 

- @ 

GArF 

Formulas VII and VIII illustrate the catalyst of formula I as 
a cationic unsaturated complex. Formula IX shoWs the 
catalyst as a phosphine ketone complex. 

Other solid catalysts can become liquids and maintain 
their liquid form until all reactants in the solvent-free 
reaction are converted into products. Useful catalysts 
include Without limitation (1,5-cyclooctodiene) 
Ir(PRC6A’F3)(pyridine)+PF6_; (C5H5)W(CO)2(PRC6A’F3) 
(Et2C=O)+B(C6F5)4_; and (C5H5)W(CO)2(ImA’C6A’F)+B 
(C6F5)4_, Wherein RCGA’F is C6F5(CH2)6, and ImArCGA’F is 
represented by formula X 

(1,5-cyclooctodiene)Ir(PRC6A’F3)(pyridine)+PF6_ is a 
catalyst useful for hydrogenation of alkenes, including tetra 
substituted alkenes. 

In another aspect of the invention, the catalytic organo 
metallic complex is formed by covalently bonding GArF to 
a phosphine ligand of a catalyst of formula XI 

Wherein M is a molybdenum or tungsten atom; Cp is 
substituted or unsubstituted cyclopentadienyl radical repre 
sented by the formula [C5Q1Q2Q3Q4Q5], Wherein Q1 to Q5 
are independently selected from the group consisting of H 
radical, GArF, CL2O hydrocarbyl radical substituted hydro 
carbyl radical, including hydrocarbyl radicals substituted by 
GArF, halogen radical, halogen substituted hydrocarbyl 
radical, —OR, —C(O)R‘, —COZR‘, —SiR‘3, —NR‘R“ 
Wherein R‘ and R“ are independently selected from the group 
consisting of H radical, C1_2O hydrocarbyl radical, halogen 
radical, and halogen-substituted hydrocarbyl radical, 
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wherein said Q1 to Q5 radicals can be optionally linked to 
each other to form a stable bridging group; PQ6Q7Q8 is a 
phosphine ligand, Wherein Q6, Q7, Q8 represent three groups 
independently selected from the group consisting of H 
radical, GArF, CL2O hydrocarbyl radical substituted hydro 
carbyl radical, including hydrocarbyl radicals substituted by 
GArF, halogen radical, halogen substituted hydrocarbyl 
radical, —OR, —C(O)R‘, —COZR‘, —SiR‘3, —NR‘R“ 
Wherein R‘ and R“ are independently selected from the group 
consisting of H radical, C1_2O hydrocarbyl radical, halogen 
radical, and halogen-substituted hydrocarbyl radical, 
Wherein all three Q6, Q7, Q8 groups can be the same or 
different or tWo of the three groups can be the same; L is 
either any neutral ligand, Wherein k is a number from 0 to 
1 or L is an anionic ligand Wherein k is 2, and A“ is an anion. 
In the catalyst of formula XI, L is selected from the group 
consisting of a hydrocarbon or halogenated hydrocarbon 
molecule, a dihydrogen (H2) or hydrosilane, a ketone, an 
aldehyde or an ester, an alkoxysilane, ether or alcohol 
molecule, a combination of tWo anionic ligands selected 
from the group consisting of hydride (H‘), silyl 
(SiR1OR11R12)_ and mixtures thereof, Wherein R10, R11, R12 
are independently hydrogen, halogen or a substituent 
selected from the group consisting of C1—C2O alkyl, C2—C2O 
alkenyl, C2—C2O alkynyl, aryl, C1—C2O carboxylate, C1—C2O 
alkoxy, C2—C2O alkenyloxy, C2—C2O alkynyloxy, aryloxy, 
C2—C2O alkoxycarbonyl, C1—C2O alkylthiol, aryl thiol, 
C1—C2O alkylsulfonyl and C1—C2O alkylsul?nyl, Wherein 
further each R10, R11, R12 is optionally substituted With one 
or more moieties selected from the group consisting of 
C1—C2O hydrocarbyl, C1—C2O alkoxy, hydroxyl, thiol, 
thioether, ketone, aldehyde, ester, ether, amine, imine, 
amide, nitro, carboxylic acid, disul?de, carbonate, 
isocyanate, carbodiimide, carboalkoxy, carbamate and halo 
gen; Wherein the anion A‘ is as described above, namely 
selected from the group consisting of BF4_, PF6_, SbF6_, 
CF3SO3_, CB11H12_, CB9H1O_CB9H5X5_, CB11H6X6_, 
Wherein X is F Cl, Br or I, HBR3_, Wherein R is a 
hydrocarbyl or substituted hydrocarbyl, and [(M‘)Z1Z2 . . . 

Z”]_, M‘ is an element selected from atoms of group 13, n is 
the total number of Z ligands or n is 4, and Z1 to Z” are 
independently selected from the group consisting of H 
radical, GArF, CL2O hydrocarbyl radical, substituted hydro 
carbyl radical, hydrocarbyl radicals substituted by GArF, 
halogens, halogen-substituted hydrocarbyl radical, 
hydrocarbyl-, halogen-substituted hydrocarbyl organomet 
alloid radical, —OR, —C(O)R‘, —COZR‘, and —NR‘R“, 
Wherein R‘ and R“ are independently selected from the group 
consisting of H radicals, CL2O hydrocarbyl radicals, 
halogens, and halogen-substituted hydrocarbyl radical; said 
Z1 to Z” radicals optionally linked to each other to form a 
stable bridging group. Catalysts of formula XI are prepared 
as described in Us. Pat. No. 6,124,509 to Voges, M. H. and 
Bullock, R. M., incorporated herein by reference as if set 
forth in full. 

The resulting catalytic organometallic complex having a 
phosphine ligand includes, for example, a catalyst of the 
formula XII 

Method of Using the Organometallic Complexes 
The organometallic complexes of the present invention 

can be used broadly as catalysts for hydrogenation or 
hydrosilylation reactions. 

The present invention provides a process for hydrogenat 
ing of ketones and aldehydes to alcohols using organome 
tallic molybdenum and tungsten complexes as catalysts. 
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14 
Using the process of this invention, unsaturated organic 
compounds can be hydrogenated to give the corresponding 
saturated derivatives. Organic compounds Which may be 
hydrogenated in accordance With the present invention 
include but are not limited to ketones and aldehydes. 

In an aspect, the organic compound that is hydrogenated 
can be represented by at least one reducible functional group 
selected from the group consisting of R1(C=O)R2 and 
R1(C=O)H, Wherein R1 and R2 are each independently 
selected from any C1—C2O hydrocarbyl group. The hydro 
genation of ketones and aldehydes involves the overall 
addition of tWo hydrogen atoms to the carbon-oxygen 
double bond to result in the formation of the corresponding 
alcohol. 
The hydrogenation process of the invention includes 

contacting aldehydes or ketones With hydrogen in the pres 
ence of the organometallic catalyst of the invention that is 
represented by the formula I: 

Wherein M is a molybdenum or tungsten atom, Cp is 
substituted or unsubstituted cyclopentadienyl radical repre 
sented by the formula [C5Q1Q2Q3Q4Q5], Wherein Q1 to Q5 
are independently selected from the group consisting of H 
radicals, C1—C2O hydrocarbyl radicals and substituted hydro 
carbyl radicals, halogens (F, Cl, Br, I), halogen-substituted 
hydrocarbyl radicals, and radicals represented by the for 
mulas —OR‘, —C(O)R‘, —COZR‘, —SiR‘3, —NR‘R“, 
Wherein R‘ and R“ are independently selected from the group 
consisting of H radicals, hydrocarbyl radicals, halogens, and 
halogen-substituted hydrocarbyl radicals, said Q1 to Q5 
radicals can optionally be linked to each other to form a 
stable bridging group; NHC is any N-heterocyclic carbene 
ligand, L is either any neutral electron donor ligand, k is a 
number from 0 to 1 or L is an anionic ligand, Wherein k is 
2, and (A') is an anion as described hereinabove. 
NHC can be an unsubstituted or substituted 

N-heterocyclic carbene as Was more speci?cally described 
hereinabove. In an embodiment NHC can be IMes. 

In a hydrogenation process, L can be selected from the 
group consisting of a hydrocarbon or halogenated hydrocar 
bon solvent molecule, a dihydrogen (H2) or dihydride (H_)2, 
a ketone or aldehyde substrate, a product alcohol molecule 
and mixtures thereof. 
Anion (A‘) can be selected from the group consisting of 

BF4_, PF6_, SbF6_, CF3SO3_, CB11H12_, CB9H1O_, 
CB9H5X5_, CB11H6X6_, Wherein X is F, Cl, Br or I, HBR3_, 
Wherein R is a hydrocarbyl radical or substituted hydrocar 
byl radical, and [(M‘)Z1Z2 . . . Z”]_ as Was more speci?cally 
described hereinabove. 
The present invention also provides a process for hydrosi 

lylation of ketones, aldehydes and esters to alkoxysilanes, 
ethers or alcohols using organometallic molybdenum and 
tungsten complexes of the invention as the catalysts. The 
organic compound that can be hydrosilylated contains at 
least one reducible functional group selected from the group 

consisting of R(C=O)R1, R(C=O)H or R1(CO2)R2, 
Wherein R1 and R2 are each independently selected from 
hydrocarbyl radicals or substituted-hydrocarbyl radicals, 
Which can be the same or different. 

The hydrosilylation process includes contacting 
aldehydes, ketones or esters With hydrosilanes in the pres 
ence of the organometallic catalyst of the present invention 
as described herein above. 

In a hydrosilylation process, L can be selected from the 
group consisting of a hydrocarbon or halogenated hydrocar 
bon solvent, a dihydrogen (H2) or hydrosilane, a ketone, an 
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aldehyde or an ester substrate, an alkoxysilane, ether, or 
alcohol product molecule and mixtures thereof, or any 
combination of tWo anionic ligands such as hydride (H') and 
silyl (SiR1°R11R12)_, Wherein R10, R11 and R12 are each 
independently hydrogen, halogen or a substituent selected 
from the group consisting of C1—C2O alkyl, C2—C2O alkenyl, 
C2—C2O alkynyl, aryl, C1—C2O carboxylate, C1—C2O alkoxy, 
C2—C2O alkenyloxy, C2—C2O alkynyloxy, aryloxy, C2—C2O 
alkoxycarbonyl, C1—C2O alkylthiol, aryl thiol, C1—C2O alkyl 
sulfonyl and C1—C2O alkylsul?nyl, Wherein further each R10, 
R11, R12 is optionally substituted With one or more moieties 
selected from the group consisting of C1—C2O hydrocarbyl, 
C1—C2O alkoxy, hydroxyl, thiol, thioether, ketone, aldehyde, 
ester, ether, amine, imine, amide, nitro, carboxylic acid, 
disul?de, carbonate, isocyanate, carbodiimide, carboalkoxy, 
carbamate and halogen. 

Hydrosilylation of ketone is of synthetic interest because 
When folloWed by hydrolysis of the resulting alkoxysilane, 
this reaction provides a mild route for reducing ketones to 
secondary alcohols. 

The hydrogenation and hydrosilylation processes of the 
present invention can be carried out over a Wide range of 
temperatures and pressures. For example, the pressure of 
hydrogen in the hydrogenation reactions can vary over a 
range from about 1 atmosphere to about 5,000 psi, the 
temperature can vary over a range from —95° C. to about 
120° C. Nevertheless, the processes of the present invention 
can be conducted under mild conditions of temperatures and 
pressures including Without limitations 1 atmosphere and 
room temperature of about 23° C. In certain embodiments 
the pressure can range from about 1 atmosphere to about 800 
psi and the temperature from about 20° C. to about 100° C. 
The temperature range for hydrosilylation reactions is from 
about —95° C. to about 120° C. and, in another aspect of the 
invention, from about 20° C. to about 100° C. 

Various solvents may be used With the inventive methods 
of hydrogenation or hydrosilylation. 
Any solvent Which is chemically inert, Which does not 

interfere With the hydrogenation or hydrosilylation reaction 
and Which at least partially dissolves the catalyst may be 
employed. The solvents can be aromatics such as toluene, 
xylene, mesitylene and benZene or halogenated aromatics 
and other Well knoWn solvents such as hexane, tetrahydro 
furan and diethyl ether. If the reactants are mutually soluble, 
the use of a solvent is not necessary and the catalysts can 
catalyZe the reaction in the absence of a solvent as “neat” 
reagents. In addition, the substrate, either a ketone, aldehyde 
or ester, can be partially soluble or it can be completely 
soluble in the solvent. 

The active catalyst can be prepared prior to being mixed 
With the organic compound that is being hydrogenated or 
hydrosilylated and it can also be generated in the reaction 
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mixture. When the catalyst is prepared in the reaction 
mixture, the metal hydride is mixed With hydride removing 
agent as described hereinabove. 

The processes of the invention can be conducted in any 
type of apparatus that enables intimate contact of the reac 
tants and control of operating conditions. The hydrogenated 
product may be removed by knoWn means such as distilla 
tion and/or chromatography. 

To explore the process of self-separation for solvent free 
reactions, tWo cationic complexes With Weakly coordinating 
B(C6F5)4_ anions have been used as catalysts for hydrosi 
lylation of carbonyl compounds: [CpM(CO)2(IMes)]+[B 
(C6F5)4]_ Wherein Cp is cyclopentadienyl, IMes is 1,3-bis 
(2,4,6-trimethylphenyl)-imidaZol-2-ylidene, and M is M0 or 
W, also identi?ed as complex 1Mo and 1W, respectively. 
Hydrosilylation is a suitable model reaction as it starts With 
a polar liquid substrate, such as ketone or ester, and ends 
With a non-polar liquid product like alkoxysilane as shoWn 
in equation (1) beloW. 

(2) 

Hydrosilylation is also a reaction of considerable practical 
interest as it is Widely used for both large and small scale 
syntheses. Not only are alkoxysilanes precursors to silicon 
containing polymers and ceramic materials, but they are also 
valuable in organic synthesis. Thus, for the conversion of 
carbonyl compounds to alcohols, hydrosilylation is often 
utiliZed as a convenient alternative to hydrogenation, par 
ticularly in asymmetric synthesis. 
We have previously found 1Mo and 1W to be soluble in 

ketones, insoluble in non-polar hydrocarbon solvents, and 
likely to the form oily precipitates such as liquid clathrates 
instead of crystalline products. We have also found that the 
N-heterocyclic carbene ligand, IMes, stabiliZes the elec 
tronically unsaturated 16e‘ 1Mo and 1W complexes by 
formation of a Weak bond betWeen the metal center and one 
of the C=C double bonds of a mesityl group as described 
in Dioumaev, V. K., et al., 2003. 

Complexes 1W and 1Mo could catalyZe hydrosilylation 
of carbonyl compounds under mild conditions. The reac 
tions exhibited good rates, high conversions, and an excel 
lent selectivity for hydrosilylation of C=O as opposed to 
C=C double bonds as shoWn in Table 1 beloW. 

TABLE 1 

Hydrosilylation of carbonyl compounds by W catalysts 

initial 

TOF total time 

substrate products h’1 TON yield % h 

0 O 370 446 89 1 
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TABLE l-continued 

18 

Hydrosilylation of carbonyl compounds by W catalysts 

initial 
TOF total time 

substrate products h’1 TON yield % h 

0 20 36 7 

: O ~5 15 3 

O O >2000 447 93 0.253 

\Jk/ )kOA 
0 >100 24 5 

O OSiEt3 150 489 98 19 

OSiEt3 W 110 446 89 23 

/\(\ <5 11 2 

\j\/ 
OSMeZPh EtOSiEt3 170 468 94 26b 

Et2O <1 30 6 

W O5iEt3 30 386 77 168 

OSiEt3 <1 70 14 

9 
Reactions Were conducted at 23° C. in neat liquid sub 

strates Without solvent: ketone/HSiEt3/1W=100/120/0.2. 
Turnover number (TON) is the number of moles of a 
carbonyl substrate consumed to yield a given product per the 
number of moles of catalyst. TOF is the average initial 
turnover frequency measured Within the ?rst 15—20 minutes 
of the reaction (TOF=TON/time). “HSiMeZPh Was used 
instead of HSiEt3. bThe ratios Were: ester/HSiEt3/1W=100/ 
220/02; Total TON is a total number of turnovers for a given 
product, measured at the end of the reaction. 

Hydrosilylation of aromatic substrates yields a broWn oily 
precipitate toWard the end of reaction, but some of the 
catalyst remains soluble. Similarly, hydrosilylation With an 
aromatic silane, such as (CH3)2PhSiH, also results in a 
partially soluble catalyst and a small amount of a broWn oily 

55 

60 

65 

precipitate. Aliphatic substrates, on the other hand, yield 
colorless solutions at the end of the reaction With no detect 
able soluble metal-containing species in the proton nuclear 
magnetic resonance (1H NMR) spectra. Conversion of the 
last traces of the carbonyl substrate can be monitored 
visually as the precipitate transforms from a purple oil into 
a pale yelloW solid as illustrated in FIGS. 1A to E. In FIG. 
1A the ketone complex 4W is shoWn before adding HSiEt3 
FIG. 1B is a photograph shoWing the reaction mixture When 
HSiEt3 added but it has not yet mixed. FIG. 1C shoWs the 
reaction mixture after HSiEt3 is mixed and the reaction 
mixture is homogeneous. FIG. 1D shoWs the reaction mix 
ture When a liquid clathrate is formed. The catalytic reaction 
is nearing completion. FIG. 1E shoWs the end of reaction 
When the catalyst has precipitated. 



US 7,005,525 B2 
19 

Fortunately, the precipitate is somewhat sticky and can be 
readily recovered by decanting the liquid products Without 
any special precautions to retain the catalyst, and no solvent 
is needed for the reaction Work-up. 

The actual resting state of the tungsten catalyst that is 
recycled has been found to be a mixture of [CpW(CO)2 
(IMes)(SiEt3)H]+[B(C6F5)4]_ (2W) and [CpW(CO)2(IMes) 
(H)2]+[B(C6F5)4]_ The assignment Was con?rmed by 
the independent syntheses of both compounds from 1W and 
HSiEt3 or dihydrogen. The solubility of 2W and 3W in the 
products of hydrosilylation of Et2C=O Was beloW the 
detection limits of 1H NMR spectroscopy. The residual 
solubility of all species With a B(C6F5)4_ counterion Was 
measured by ?uorine nuclear magnetic resonance (19F 
NMR) spectroscopy to be about 4x10“4 mol L_1, Which 
corresponded to about 5% of the loaded 0.2 mol % catalyst. 
In other Words, more than 95% of the loaded catalysts 
precipitated as the resting state, and Was available for 
recycling. The recovered catalyst exhibited up to tWice the 
activity after the ?rst recycle, and retained good activity for 
all ?ve cycles performed as illustrated in Table 2 beloW, 
Wherein the reaction conditions and TOP are the same as in 
Table 1 above. 

TABLE 2 

Recycling of catalyst for the hydrosilylation of Et C:O. 

Cycle No. 1 2 3 4 5 

time of measurement, min 15 10 10 10 10 
TOP (h’l) 370 780 870 760 620 

Thus, both 2W and 3W, Were good catalyst precursors. 
The ketone complex [CpW(CO)2(IMes)(Et2C=O)]+[B 

(C6F5)4]_ (4W) Was also a resting state present during 
hydrosilylation of Et2C=O, giving a purple color to the 
reaction mixture (kmax(toluene)=498 nm, e=1><103 L mol'1 
cm_1). Identi?ed by multinuclear NMR and infrared (IR) 
spectroscopy, the assignment of 4W Was con?rmed by an 
independent synthesis from 1W and Et2C=O. Complex 4W 
Was most abundant at the beginning of the hydrosilylation 
and is gradually replaced by 2W and 3W. The formation of 
the dihydride complex 3W Was due to traces of H2 produced 
from HSiEt3 and residual Water. The equilibrium for the 
formation of 3W is very favorable. Keq=[3W][Et2C=O]/ 
[4W][H2]z1><103 at 298° K. as determined by 1H NMR. 
[H2] Was corrected for the presence of 25% of para-H2, 
Which is NMR-silent. As is often the case With excessively 
stable compounds, 3W could inhibit hydrosilylation. The 
origin of inhibition Was readily traced to the presence of 
dihydrogen. Thus, reaction in a vial open to an inert atmo 
sphere shoWed an almost three-fold acceleration in initial 
turnover frequency compared to the same reaction in a 
closed tube. We note that both samples Were maintained 
homogeneous to eliminate uncertainties of precipitation and 
Were taken from the very same stock solution of 
acetophenone, HSiEt3, and 1W. 

In an aspect of the present invention, the catalyst activity 
and solubility at the ?nal stages of the reaction of aliphatic 
substrates Was determined by the formation of the liquid 
clathrate, Which Was metastable. This clathrate could change 
its composition rapidly into a solid. The liquid clathrates 
formed With aromatic substrates tended to be more stable 
and Was analyZed more easily. Thus a liquid clathrate 
formed in the course of hydrosilylation of acetophenone Was 
characteriZed by 1H NMR to have a composition of about 
3.4 equivalents of the alkoxysilane Ph(Me)CH—OSiEt3 per 
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20 
equivalent of tungsten. Note that this particular liquid clath 
rate Was not critical to the catalyst activity, as the catalyst 
Was someWhat soluble in the aromatic substrates anyWay. In 
a broader sense, hoWever, the characteriZation of this clath 
rate illustrates hoW only a feW equivalents of the right 
component can retain the catalyst in a liquid phase, even if 
it is not soluble in the bulk of the reaction mixture. 

EXAMPLES 

The folloWing non-limiting examples are illustrative of 
the present invention. It should be noted that various 
changes could be made in the examples and processes 
therein Without departing from the scope of the present 
invention. For this reason, it is intended that the embodi 
ments of the present application should be interpreted as 
being illustrative and not limiting in any sense. 
Instrumentation 

All operations Were performed in Schlenk-type glassWare 
on a dual-manifold Schlenk line or in a argon-?lled Vacuum 
Atmospheres glove box. NMR spectra Were obtained on 
Bruker Avance-400 FT NMR spectrometer (400 MHZ for 
1H). All NMR spectra Were recorded at 25° C. unless stated 
otherWise. Chemical shifts for 1H and 13C NMR spectra 
Were referenced using internal solvent resonances and are 
reported relative to tetramethylsilane. External standards of 
tri?uorotoluene (set as 6=—63.73) and 85% H3PO4 (set as 
6=0) Were used for referencing 19F and 31P NMR spectra. 
13C{1H} and 31P{1H} NMR spectra Were recorded With 
broadband 1H decoupling unless stated otherWise. For quan 
titative 1H NMR measurements the relaxation delay Was set 
at 30 seconds. GC-MS spectra Were recorded on an Agilent 
Technologies 5973 mass selective detector connected to an 
Agilent Technologies 6890N gas chromatograph equipped 
With an HP-5 ms column (5% phenyldimethylpolysiloxane). 
Infrared spectra Were recorded on a Mattson Polaris spec 
trometer. Elemental analyses Were performed by SchWarZ 

kopf Microanalytical Laboratory, Inc. (Woodside, Unless speci?ed otherWise, the materials used in these 

examples are readily commercially available. 
Turnover Measurement 

In the experiments described beloW turnovers are the 
numbers of moles of a carbonyl compound hydrogenated or 
hydrosilylated per mole of catalyst. 

For example, in the hydrogenation of 3-pentanone the 
total turnover number [TON(total)] includes the alcohol 
(3-pentanol) formed by hydrogenation of the ketone, plus 
the ether (Et2CH)2O formed through condensation of tWo 
molar equivalents of the alcohol. Each equivalent of ether is 
counted as representing tWo hydrogenation equivalents (or 
turnovers of the catalyst), since it takes tWo alcohols to form 
one ether. 

For hydrosilylation reactions turnover numbers for every 
product are reported separately. Each equivalent of an ether 
(R(R‘)HCOCH(R‘)R) formed in a hydrosilylation of a 
ketone (R(R‘)C=O) is counted as representing tWo turn 
overs of the catalyst, since it takes tWo ketones to form one 
ether. HoWever, each equivalent of an ether (RCHZOR‘) 
formed in a hydrosilylation of an ester (RCOZR‘) is counted 
as representing one turnover of the catalyst, since it takes 
one ester to form one ether. Each equivalent of an alkox 

ysilane (RCHZOSiEt3 or R‘OSiEt3) formed in a hydrosily 
lation of an ester (RCOZR‘) is counted as representing 0.5 
turnover of the catalyst, since it takes one ester to form tWo 
alkoxysilanes. 
Examples 1 to 9 describe the syntheses of catalysts and 

catalyst precursors. Many of the materials used in Examples 
1 to 9 are readily commercially available. Others such as 
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CpMo(CO)2(PPh3)H and CpW(CO)2(PPh3)H are easily pre 
pared by procedures available in scienti?c publications such 
as described by Bainbridge, A., et al., J. Chem. Soc. (A), 
2715 (1968) and Kalck, P., et al., J. Organomet. Chem, 24, 
445 (1970), respectively incorporated herein by reference. 
Examples 10 to 22 describe the use of these catalysts and 
catalyst precursors in hydrogenation and hydrosilylation 
processes. Examples 23 to 26 describe the preparation of 
organometallic complexes of the invention. Examples 27 to 
34 describe the use of these organometallic complexes as 
catalysts for catalytic processes. 

Example 1 

Synthesis of CpMo(CO)2(IMes)H from 
CpMo(CO)2(PPh3)H 

For this example, CpMo(CO)2(PPh3)H (480.0 mg, 1.000 
mmol), IMes (306.0 mg, 1.000 mmol), and 10 mL of toluene 
Were placed in a glass tube placed in a glove box. The glass 
tube Was equipped With a te?on valve. The light yelloW 
solids dissolved to produce a dark purple mother liquor. A 
neW lightly colored precipitate formed almost immediately. 
The glass tube Was heated at 95° C. for 3 hours. The product 
Was recrystalliZed from toluene-hexanes (1:3) to yield 449 
mg (86%) of pure CpMo(CO)2(IMes)H as light yelloW 
crystals. The product had the folloWing identi?cation data: 

1H NMR (THE-d8) 6 7.16 (s, 2H, =CH), 7.02 (s, 4H, 
m-H-Mes), 4.62 (s, 5H, Cp), 2.34 (s, 6H, p-Me-Mes), 2.09 
(s, 12H, o-Me-Mes), —4.73 (s, 1H, MoH). 13C NMR (THF 
d8) 6 243.3 (d, 2JCH=11 HZ, Mo—CO), 200.2 (d, 2JCH=12 
HZ, NCN), 139.5 (m, i-Mes), 139.2 (q, 2JCH=6 HZ, p-Mes), 
136.9 (q, 2JCH=6 HZ, o-Mes), 130.0 (dm, 1JCH=156 HZ, 
m-Mes), 124.3 (dd, 1JCH=196 and 2JCH=12 HZ, =CH), 89.0 
(dp, 1JCH=174 and JCH=6 HZ, Cp), 21.2 (qt, 1JCH=126 and 
3JCH=4 HZ, p-Me-Mes), 18.8 (qm, 1JCH=128 HZ, o-Me 
Mes). IR (THE-d8) v(CO)=1918 (vs) and 1843 (vs) cm_1. IR 
(hexanes) v(CO)=1930 (vs) and 1858 (vs) cm_1. Analysis 
calculated for C28H3ON2O2Mo: C, 64.37; H, 5.79; N, 5.36. 
Found: C, 64.13; H, 6.05; N, 5.34. 

Example 2 

Synthesis of cis-CpW(CO)2(IMes)H from CpW 
(CO)2(PPh3)H 

In a glove box, CpW(CO)2(PPh3)H (608 mg, 1.07 mmol), 
IMes (333 mg, 1.09 mmol), and 3 mL of toluene Were placed 
in a glass tube equipped With a te?on valve. The yelloW 
solids dissolved to produce a broWn-red mother liquor. A 
neW lightly colored precipitate formed Within 10—20 min 
utes. The color faded sloWly to yelloW-gray, indicating 
completion of the reaction after tWo days at 23° C. The 
product Was Washed with 2x7 mL of hexanes and recrys 
talliZed from toluene-hexanes (1:1) to yield 568 mg (87%) 
of pure CpW(CO)2(IMes)H as light yelloW crystals. The 
product Was identi?ed by comparison to an authentic sample 
of CpW(CO)2(IMes)H, Which Was synthesiZed by an inde 
pendent route. The product had the same identi?cation data 
as set forth in Example 3 herein beloW. 

Example 3 

Synthesis of CpW(CO)2(IMes)H from CpW(CO)2 
(PMe3)H 

In a glovebox, CpW(CO)2(PMe3)H (346.0 mg, 0.900 
mmol), IMes (275.0 mg, 0.900 mmol), and 1 mL of toluene 
Were placed in a glass tube equipped With a te?on valve. The 
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22 
light yelloW solids dissolved to produce a dark purple 
mother liquor. A neW lightly colored precipitate formed 
almost immediately. The volatiles Were removed in vacuo, 
and the residue Was heated in dynamic vacuo for 10 minutes 
at 120° C. The product Was recrystalliZed from toluene 
hexanes (1:1) to yield 416 mg (76%) of pure CpW(CO)2 
(IMes)H as light yelloW crystals With 0.5 equivalents of 
crystalliZation solvent (C6H5CH3) Per W. The product had 
the folloWing identi?cation data: 

1H NMR (C6D6) 6 6.80 (s, 4H, m-H-Mes), 6.19 (s, 2H, 
=CH), 4.60 (s, 5H, Cp), 2.12 (s, 6H, p-Me-Mes), 2.10 (s, 
12H, o-Me-Mes), —5.93 (s, 1JWH=45 HZ, 1H, 1H NMR 
(THE-d8, —100° C.) 6 7.40 (s, 2H, =CH), 7.06 (s, 4H, 
m-H-Mes), 4.71 (s, 5H, Cp), 2.34 (s, 6H, p-Me-Mes), 2.12 
(br s, 6H, o-Me-Mes), 2.01 (br s, 6H, o-Me-Mes), —6.43 (s, 
1JWH=45 HZ, 1H, 13C NMR (C6D6) 6 238.1 (m, 
W—CO), 184.1 (d, 2JCH=14.8 HZ, NCN), 139.1 (m, i-Mes), 
138.9 (q, 2JCH=6 HZ, p-Mes), 136.6 (q, 2JCH=6 HZ, o-Mes), 
129.9 (dm, 1JCH=157 HZ, m-Mes), 122.9 (dd, 1JCH=195 and 
2JCH=12 HZ, =CH), 87.4 (d quintet, 1JCH=177 and JCH=7 
HZ, Cp), 21.4 (qt, 1JCH=126 and 3JCH=5 HZ, p-Me-Mes), 
19.1 (qm, 1JCH=127 HZ, o-Me-Mes). 13C{1H} NMR (THF 
d8, —100° C.) 6 247.4 (br s, W—CO), 232.3 (br s, W—CO), 
181.5 (s, NCN), 139.4 (s, p-Mes or i-Mes), 138.9 (s, p-Mes 
or i-Mes), 137.1 (br s, o-Mes), 136.6 (br s, o-Mes), 129.8 (br 
s, m-Mes), 124.1 (br s, =CH), 88.0 (s, Cp), 21.3 (br s, 
p-Me-Mes), 19.4 (br s, o-Me-Mes), 18.9 (br s, o-Me-Mes). 
IR (toluene) v(CO)=1915 (vs) and 1824 (vs) cm_1. IR 
(CD2Cl2) v(CO)=1906 (vs) and 1810 (vs) cm_1. Analysis 
calculated for C31_5H34N2O2W (With 0.5 equiv. of crystal 
liZation solvent, C6H5CH3, per W): C, 57.63; H, 5.22; N, 
4.27. Found: C, 57.52; H, 5.07; N, 4.14. 

Example 4 

For this example, CpMo(CO)2(IMes)H (52.4 mg, 0.100 
mmol) Was added sloWly to a stirred solution of Ph3C+B 
(C6135); (96.6 mg, 0.105 mmol) in 5 mL of toluene in a 
glass tube contained in a glovebox. The tube Was equipped 
With a te?on valve. A dark purple precipitate formed. The 
stirring Was continued for 40 minutes. The bright yelloW 
mother liquor Was discarded, and the precipitate Was Washed 
With toluene until the Washings Were colorless (5><3 mL). 
The product Was Washed With hexanes (3><3 mL) and dried 
in vacuo to yield 112 mg (87%) of dark purple crystals of 
pure CpMo(CO)2(IMes)+B(C6F5)4_ With 0.5 equivalents of 
crystalliZation solvent (C6H5CH3) per M0. The product Was 
insoluble in common non-coordinating NMR solvents. IR 
(Nujol) v(CO)=1999 (vs) and 1905 (vs) cm_1. Analysis 
Calculated for C55_5H33BF2ON2O2Mo including 0.5 equiva 
lents of crystalliZation solvent, C6H5CH3, per Mo Was: C, 
53.47; H, 2.67; N, 2.25. We found the folloWing: C, 53.18; 
H, 2.77; N, 2.43. 
The identi?cation data of the product in THE-d8 for 

cis-[CpMo(CO)2(IMes)(THF-d8)]+[B(C6F5)4]_ Was as fol 

loWs: 1H NMR (THE-d8) 6 7.83 (s, 2H, =CH), 7.13 (s, 4H, 
m-H-Mes), 5.14 (s, 5H, Cp), 2.36 (s, 6H, p-Me-Mes), 2.11 
(s, 12H, o-Me-Mes). 13C{1H} NMR (THE-d8) 6 251 (m, 
Mo—CO), 187.3 (s, NCN), 149.3 (dm, 1JCF=246 HZ, 
o-C6F5), 141.0 (br s, p-Mes or i-Mes), 139.2 (dm, 1JCF=243 
HZ, p-C6F5), 137.4 (br s, p-Mes or i-Mes), 137.2 (dm, 
1JCF=244 HZ, m-CGFS), 136.5 (br s, o-Mes), 130.3 (br s, 
m-Mes), 127.6 (br s, =CH), 125 (br m, i-CGFS), 96.9 (s, Cp), 
21.0 (s, p-Me-Mes), 18.7 (br s, o-Me-Mes). 19P NMR 
(THE-d8) 6—132.9 (d, 8F, 3JFF=10 HZ, o-CGFS), —165.1 (t, 



US 7,005,525 B2 
23 

4F, 3JFF=21 HZ, p-c?Fs), -1686 (t, 8F, 3JFF=18 HZ, 
m-C6F5). IR (THF) v (CO)=1977 (vs) and 1882 (vs) cm_1. 

Example 5 

In a glovebox, CpW(CO)2(IMes)H (244.0 mg, 0.400 
mmol) Was added slowly to a stirred solution of Ph3C+B 
(C6135); (387.0 mg, 0.420 mmol) in 10 mL of toluene in a 
glass tube equipped With a te?on valve. A dark purple 
precipitate formed. The stirring Was continued for 30 min 
utes. The bright yelloW mother liquor Was discarded, and the 
precipitate Was Washed With toluene until the Washings Were 
colorless (5><3 mL). The product Was Washed With hexanes 
(3><3 mL) and dried in vacuo to yield 490 mg (91%) of dark 
purple crystals of CpW(CO)2(IMes)+B(C6F5)4_ With 1 
equivalent of crystalliZation solvent (C6H5CH3) per W. The 
product Was insoluble in common non-coordinating NMR 
solvents. IR (Nujol) v(CO)=1980 (vs) and 1890 (vs) cm_1. 
IR (CF3Ph) v(CO)=1983 (vs) and 1900 (vs) cm_1. Analysis 
calculated for C59H37BF2ON2O2W Was: C, 51.33; H, 2.70; 
N, 2.03. We found the following: C, 51.24; H, 3.35; N, 2.02. 

The identi?cation data of the product in THE-d8 for 
cis-[CpW(CO)2(IMes)(THF-d8)]+[B(C6F5)4]_ Was as fol 
loWs: 1H NMR (THF-d8, -30° c.) 6 7.99 and 7.87 (d, 
1JHH=2 HZ, 1H, =CH), 7.26, 7.19, 7.16, and 7.03 (s, 1H, 
m-H-Mes), 5.36 (s, 5H, Cp), 2.41, 2.31, 2.30, 2.23, 2.14, and 
2.02 (s, 3H, p-Me-Mes and o-Me-Mes). 13C{1H} NMR 
(THF-d8, -40° c.) 6 247.1 and 246.2 (s, W—CO), 179.6 (s, 
NCN), 149.0 (br 01, 1JCF=240 HZ, o-c?Fs), 141.3 and 140.0 
(s, p-Mes or i-Mes), 139.1 (dm, 1JCF=242 HZ, p-CGFS), 
137.9 (s, p-Mes or i-Mes), 137.0 (dm, 1JCF=244 HZ, 
m-c?Fs), 137.5, 136.7, 136.5, and 135.8 (s, o-Mes), 130.7, 
130.3, 130.2, and 129.4 (s, m-Mes), 128.4 and 126.6 (br s, 
=CH), 125 (br m, i-C6F5), 95.4 (s, Cp), 21.1 and 21.0 (s, 
p-Me-Mes), 19.7, 18.9, 18.7, and 18.6 (s, o-Me-Mes). 19P 
NMR (THF-d8, -30° c.) 6-133.5 (01, 8F, 3JFF=11 HZ, 
O-C6F5),—164.9 (t, 4F, 3JFF=21 HZ, p-c?Fs), -168.5 (t, 8F, 
3JFF=18 HZ, m-CGFS). IR (THE-d8) v(CO)=1962 (vs) and 
1859 (vs) cm_1. 

Example 6 

In a glovebox, [CpW(CO)2(IMes)(CH3Ph)]+[B(C6F5)4]_ 
(70 mg, 0.051 mmol) Was placed in an NMR tube equipped 
With a te?on valve. The tube Was taken out of the glovebox, 
and THE-d8 Was vacuum transferred into the tube, producing 
a dark purple solution. The tube Was then ?lled With about 
1.1 atm H2 at —196° C., sealed, and Warmed to room 
temperature. It Was shaken for 3 minutes at room tempera 
ture and used for loW temperature NMR measurements. The 
sample Was found to contain [CpW(CO)2(IMes)(THF-d8)]+ 
[B(C6F5)4]_ and tWo isomers of [CpW(CO)2(IMes)(H)2]+ 
[B(C6F5)4]_. The identi?cation data of these isomers Was as 
folloWs: 

Major isomer (about 85 mole %). 1H NMR (C6D6) 0 6.74 
(s, 4H, m-H-Mes), 6.08 (s, 2H, =CH), 4.14 (s, 5H, Cp), 2.13 
(s, 6H, p-Me-Mes), 1.62 (s, 12H, o-Me-Mes), —1.11 (br s, 
2H, 1H NMR (THE-d8, —30° C.) 0 7.82 (s, 2H, =CH), 
7.17 (s, 4H, m-H-Mes), 5.46 (s, 5H, Cp), 2.37 (s, 6H, 
p-Me-Mes), 2.06 (s, 12H, o-Me-Mes), —0.7 (br s, v1/2=1400 
HZ, 2H, 1H NMR (THE-d8, —100° C.) 0 7.95 (s, 2H, 
=CH), 7.19 (s, 4H, m-H-Mes), 5.59 (s, 5H, Cp), 2.38 (s, 6H, 
p-Me-Mes), 2.07 (s, 12H, o-Me-Mes), 1.19 (br s, v1/2=13 

10 

15 

20 

25 

30 

35 

40 

45 

55 

60 

65 

24 
HZ, 1H, WH), -2.97 (~br d, v1/2=12 HZ, 1JHH=3 HZ, 
1JHW=34 HZ, 1H, WH). 13C{1H} NMR (THF-d8, -100° c.) 
6 205.2 and 203.1 (s, W—CO), 160.7 (s, NCN), 148.8 (br 01, 
1JCF=242 HZ, o-C6F5), 141.0 (br s, p-Mes or i-Mes), 139.0 
(dm, 1JCF=242 HZ, p-CGFS), 138.5 (s, p-Mes or i-Mes), 
137.0 (dm, 1JCF=247 HZ, m-C6F5), 136.4 (br s, o-Mes), 
130.6 and 130.5 (s, m-Mes), 127.9 (br s, =CH), 124.5 (br 
m, i-CGFS), 88.6 (s, Cp), 21.2 (s, p-Me-Mes), 18.7 and 18.3 
(s, o-Me-Mes). 19F NMR (THF-d8, -30° c.) 6-133.5 (01, 8F, 
3JFF=11 HZ, o-c?Fs), -1649 (t, 4F, 3JFF=21 HZ, p-c?Fs), 
-168.5 (t, 8F, 3JFF=18 HZ, m-c?Fs). IR (THF-d8) v(CO)= 
2063 (vs) and 2007 (vs) cm_1. 

Minor isomer (about 15 mole %). 1H NMR (CGDG) 0 6.57 
(br s, 4H, m-H-Mes), 5.97 (br s, 2H, =CH), 3.96 (br s, 5H, 
Cp), 1.97 (br s, 6H, p-Me-Mes), 1.44 (br s, 12H, o-Me-Mes), 
-1.25 (br s, 2H, WHZ). 1H NMR (THF-d8, -30° c.) 6 7.76 
(br s, 2H, =CH), 5.28 (s, 5H, Cp). 

Example 7 

In a glovebox [CpW(CO)2(IMes)(CH3Ph)]+[B(C6F5)4]_ 
(53 mg, 0.038 mmol) and 3-pentanone (300 pL, 2.83 mmol) 
Were mixed to produce a dark purple solution and placed in 
an NMR tube equipped With a te?on valve. The volatiles 
Were removed in vacuo, and the purple crystalline material 
Was identi?ed as [CpW(CO)2(IMes)(Et2C=O)]+[B(C6F5) 
4]_. The identi?cation data for this product Was as folloWs: 

1H NMR (C6D6) 0 6.6 (br s, 4H, m-H-Mes), 6.10 (s, 2H, 
:CH), 4.49 (s, 5H, Cp), 2.08 (s, 6H, p-Me-Mes), 1.9 (br s, 
4H, CH3CH2), 1.70 (br s, 12H, o-Me-Mes), 0.72 (br s, 6H, 
CH3CH2). 1H NMR (Et2C=O and a sealed capillary of 
CD2Cl2 for lock, —10° C.) 0 8.60 (s, 2H, =CH), 7.85 and 
7.75 (br s, 4H, m-H-Mes), 5.98 (s, 5H, Cp), 2.71 (br s, 12H, 
o-Me-Mes), resonances of p-Me-Mes and Et presumably 
obscured by solvent. 13C{1H} NMR (liquid clathrate, C6D6) 
0 244.4 (s, W—CO), 239 (br s, Et2C=O), 177 (br s, NCN), 
149.4 (dm, 1JCF=244 HZ, o-C6F5), 141.1 (s, p-Mes or i-Mes; 
other resonance presumably obscured by signals around 
138), 139.2 (dm, 1JCF=246 HZ, p-CGFS), 137.3 (dm, 1JCF= 
246 HZ, m-CGFS), 136.1 (bs s, o-Mes), m-Mes and =CH 
obscured by solvent at 130—127, 125.4 (br m, i-CGFS), 97 (br 
s, Cp), 36.6 (br s, CH3CH2), 20.9 (s, p-Me-Mes), 18.0 (br s, 
o-Me-Mes), 8 (br s, CH3CH2). 13C{1H} NMR (Et2C=O 
and a sealed capillary of CD2Cl2 for lock, —30° C.) 0 248.1 
and 246.4 (s, W—CO), 241.1 (s, Et2C=O), 177.4 (s, NCN), 
148.7 (dm, 1JCF=244 HZ, o-C6F5), 140.8 (br s, p-Mes or 
i-Mes), 138.7 (dm, 1JCF=247 HZ, p-CGFS), 136.9 (s, p-Mes 
or i-Mes), 136.7 (dm, 1JCF=247 HZ, m-CGFS), 136.7 (s, 
o-Mes), 130.2 (s, m-Mes), 128 and 126 (br s, =CH), 124.6 
(br m, i-CGFS), 96.0 (s, Cp), 37.8 (s, CH3CH2), 21.0 (s, 
p-Me-Mes), 18.8, 18.6, and 17.9 (s, o-Me-Mes), 8.9 (s, 
CH3CH2). 19P NMR 0 (Et2C=O and a sealed capillary of 
CD2Cl2 for lock, —30° C.)—133.3 (dm, 8F, 3JFF=11 HZ, 
o-CGFS), —164.3 (tm, 4F, 3JFF=21 HZ, p-CGFS), —168.2 (tm, 
8F, 3JFF=17 HZ, m-CGFS). IR (THF) v(CO)=1963 (vs) and 
1863 (vs), v(Et2C=O)=1718 (W) cm_1. UV(toluene) kmax= 
498 nm (e=1~103 L-mol_1~cm_1). 

Example 8 

Synthesis of [CpW(CO)2(IMes)(SiEt3)H]+ 
[13(C6F5)4]_ 

In a glovebox, a solution of HSiEt3 (16 pL, 0.10 mmol) 
in 0.5 mL of diethyl ether Was added to [CpW(CO)2(IMes) 
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(CH3Ph)]+[B(C6F5)4]_ (69 mg, 0.050 mmol). The sample 
Was stirred for 10 minutes, and the volatiles Were removed 
in vacuo to produce [CpW(CO)2(IMes)(SiEt3)H]+ 
[B(C6F5)4]_ as a broWn-yelloW product. TWo isomers Were 
isolated and their identi?cation data is set forth beloW. 

Major isomer (about 70 mole % at 25° C.): 1H NMR 
(C6D6) 6 6.74 and 6.69 (s, 2H, m-H-Mes), 6.12 (s, 2H, 
=CH), 4.64 (s, 5H, Cp), 2.11 (s, 6H, p-Me-Mes), 1.78 and 
1.71 (s, 6H, o-Me-Mes), 0.67 (t, 9H, 3JHH=8 HZ, CH3CH2), 
0.31 (dq, 6H, 3JHH=2 and s HZ, CH3CH2), -2.60 (s, 1H, 
1JHW=36 HZ, 13C{1H} NMR (liquid clathrate, C6D6) 
6 217.2 (br s, C0), 1723 (s, 1JHW=134 HZ, NCN), 149.5 (br 
d, 1JCF=244 HZ, o-C6F5), 141.0 (s, p-Mes or i-Mes), 139.3 
(dm, 1JCF=250 HZ, p-c?Fs), 137.4 (dm, 1JCF=250 HZ, 
m-C6F5), 136.9 (s, p-Mes or i-Mes), 135.7 (s, o-Mes), 130.4 
(br s, m-Mes), 125.5 (br m, i-C6F5), 125.4 (s, =CH), 92.2 
(s, Cp), 21.1 (s, p-Me-Mes), 18.1 (br s, o-Me-Mes), 5.9 (s, 
CH3CH2), 4.7 (s, 1JCSi=59 HZ, CH3CH2). 19F NMR 6 
(C613,) -133.1 (br s, 8F, o-c?Fs), -164.1 (t, 4F, 3JFF=20 HZ, 
p-c?Fs), -167.9 (br s, 8F, m-C6F5). 2°81 NMR 6 (C613,) 43.2 
(s, V1V—Si). IR (THE-d8) v(CO)=1979 (vs) and 1948 (vs) 
cm . 

Minor isomer (about 30 mole % at 25° C.): 1H NMR 
(C6D6) 6 6.60 and 6.56 (br s, 2H, m-H-Mes), 6.05 (br s, 2H, 
=CH), 4.46 (br s, 5H, Cp), 1.99 (br s, 6H, p-Me-Mes), 1.63 
and 1.56 (br s, 6H, o-Me-Mes), 0.54 (br t, 9H, 3JHH=8 HZ, 
CH3CH2), 0.20 (br q, 6H, 3JHH=8 HZ, CH3CH2), -2.69 (s, 
1H, 1JHW=36 HZ, WH). 

Example 9 

Catalytic Hydrogenation of 3-pentanone 
In this example, CpW(CO)2(IMes)+B(C6F5)4_ (26.5 mg, 

0.019 mmol) as prepared in Example 5 and 3-pentanone 
(600 74L, 5.65 mmol) Were placed in a glass tube (125 mL 
capacity) equipped With a te?on valve and the tube Was 
placed in a glove box. The solution Was freeZe-pump 
thaWed, frozen again, and the entire tube Was submersed in 
liquid nitrogen. The tube Was then ?lled With about 1.1 atm 
H2, sealed, and Warmed to room temperature. As a result the 
tube contained 20.1 mmol of H2 at about 4.1 atm and room 
temperature. The reaction Was carried out at 50° C. in a 
constant-temperature bath. Aliquots Were removed by cool 
ing the tube to 770 K., evacuating H2, re?lling the tube With 
Ar, and taking it into the glovebox. After removal of an 
aliquot of about 60 74L, the tube Was again freeZe-pump 
thaWed, then ?lled With 1.1 atm H2 at 77K and re-sealed. 
The aliquot Was diluted in 500 74L of each C6D6, and the 
solution Was analyZed by 1H NMR. After 1 hour, TON(total) 
Was 1.0 of Which TON(ether) Was 0. After 23 hours, TON 
(total) Was 15.1, of Which TON(ether) Was 0.4. After 6.8 
days, TON(total) Was 29.9, of Which TON(ether) Was 0.7, 
representing a total of 10% conversion of the initial ketone. 

Example 10 

Catalytic Hydrogenation of 3-pentanone 
This example is similar to Example 9 above, except that 

the reaction Was carried out at 23° C. CpW(CO)2(IMes)+B 
(C6135); (13.3 mg, 0.010 mmol) and 3-pentanone (300 74L, 
2.83 mmol) Were used according to the same procedure as 
described for Example 6. After 24 hours, TON(total) Was 
2.1, of Which TON(ether) Was 0. After 9.9 days, TON(total) 
Was 10.0, of Which TON(ether) Was 0, representing a total of 
3% conversion of the initial ketone. 

Example 11 

Catalytic Hydrogenation of 3-pentanone 
This example is similar to Example 10, except that it Was 

carried out at high pressure of H2 of about 800 psi. CpW 

10 

15 

20 

25 

30 

35 

40 

45 

55 

60 

65 

26 
(CO)2(IMes)+B(C6F5)4_ (53.0 mg, 0.040 mmol) and 
3-pentanone (1.20 mL, 11.3 mmol) Were placed in a stainless 
steel high pressure vessel in a glove box. The vessel Was 
sealed and removed from the glovebox. H2 Was added at 800 
psi, and the reaction Was carried out at room temperature. 
Prior to removal of each sample for analysis, the bottom of 
the high pressure vessel Was cooled at 77° K., and the 
pressure Was sloWly vented. The sample for NMR analysis 
Was taken in a glove box under an argon atmosphere, and the 
vessel Was resealed and repressuriZed With H2. After 24 
hours, TON(total) Was 7.8, of Which TON(ether) Was 0.2. 
After 10.0 days, TON(total) Was 86, of Which TON(ether) 
Was 6, representing a total of 29% conversion of the initial 
ketone. 

Example 12 

Catalytic Hydrogenation of 3-pentanone 

This example is similar to Example 11 (800 psi of H2), 
except that the reaction Was carried out at 50° C. CpW(CO)2 
(IMes)+B(C6F5)4_ (13.3 mg, 0.010 mmol) and 3-pentanone 
(300 74L, 2.83 mmol) Were placed in a stainless steel high 
pressure vessel in a glove box. H2 Was added at 800 psi 
initial at room temperature, and the reaction as carried out at 
50° C. Prior to removal of each sample for analysis, the 
bottom of the high pressure Was cooled at 77° K., and the 
pressure Was sloWly vented. After 24 hours, TON(total) Was 
15.9, of Which TON(ether) Was 3.8. After 7.0 days, TON 
(total) Was 60.9, of Which TON(ether) Was 12.6, represent 
ing a total of 21% conversion of the initial ketone. 

Example 13 

Catalytic Hydrogenation of 3-pentanone 

This example is similar to Example 9 (50° C.), except that 
a Mo-based catalyst Was used instead of W. CpMo(CO)2 
(IMes)+B(C6F5)4_ (13.3 mg, 0.010 mmol) prepared accord 
ing to Example 4 and 3-pentanone (300 74L, 2.83 mmol) 
Were used for the same procedure as described for Example 
6. After 24 hours, TON(total) Was 0.8, of Which TON(ether) 
Was 0. After 9.9 days, TON(total) Was 1.0, of Which TON 
(ether) Was 0, representing a total of 0.3% conversion of the 
initial ketone. 

Example 14 

Catalytic Hydrogenation of 3-pentanone 

This example is similar to Example 10 (23° C.), except 
that Mo-based catalyst Was used instead of W. CpMo(CO)2 
(IMes)+B(C6F5)4_ (13.3 mg, 0.010 mmol) prepared accord 
ing to Example 4 and 3-pentanone (300 74L, 2.83 mmol) 
Were used according to the same procedure as described for 
Example 7. After 24 hours, TON(total) Was 0.9, of Which 
TON(ether) Was 0. After 9.9 days, TON(total) Was 0.9, of 
Which TON(ether) Was 0, representing a total of 0.3% 
conversion of the initial ketone. 

Example 15 

Catalytic Hydrosilylation of 3-pentanone 

In a glove box CpW(CO)2(IMes)+B(C6F5)4_ (4.1 mg, 
0.003 mmol), prepared according to Example 5 and 
3-pentanone (159 74L, 1.50 mmol), and HSiEt3 (288 74L, 1.80 
mmol) Were placed in an NMR tube equipped With a te?on 
valve. TWo sealed capillaries With C6D6 Were placed in the 
same tube for NMR lock purpose. The tube Was shaken to 
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mix the ingredients producing a deep purple homogeneous 
solution. The color faded to light purple Within 2 minutes. 
The reaction Was carried out at 23° C. The progress of the 
reaction Was periodically monitored by 1H NMR. At high 
conversions polarity of the medium drastically decreased. A 
light purple precipitate Was formed and the solution turned 
colorless. After 15 minutes, TON(alkoxysilane) Was 373, 
TON(ether)=13, and TON(2-pentene) Was 16. After 1 hour, 
TON(alkoxysilane)=466, TON(ether) Was 14, and TON(2 
pentene) Was 21, representing a total of 100% conversion of 
the initial ketone. The liquid Was decanted, and the solid 
catalyst Was re-used Without any signi?cant loss of activity 
or selectivity. The recycled active catalyst Was identi?ed by 
NMR as a mixture of CpW(CO)2(IMes)(SiEt3)H]+ 

[B(C6F5)4]— and CPW(CO)2(IMeS)(H)2]+[B(C6F5)4]_~ 
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Example 16 

Catalytic Hydrosilylation of 3-Acetophenone 
This example is similar to Example 15, except that 

acetophenone Was used instead of 3-pentanone. In a glove 
box, CpW(CO)2(IMes)+B(C6F5)4_ (4.1 mg, 0.003 mmol), 
acetophenone (175 pL, 1.50 mmol), HSiEt3 (288 pL, 1.80 
mmol), and tWo sealed capillaries With C6D6 Were placed in 
an NMR tube equipped With a te?on valve. The reaction Was 
carried out at 23° C. The solution remained homogeneous, 
and the color gradually changed from purple to light yelloW. 
After 15 minutes, TON(alkoxysilane) Was 26 and TON 
(ethylbenZene) Was 0. After 23 hours, TON(alkoxysilane) 
Was 446, TON(ethylbenZene) Was 11, representing a total of 
100% conversion of the initial ketone. 
The same procedures as described in Examples 15 and 16 

above Were used for hydrosilylation of other aromatic 
ketones. The results are presented in Table 3 beloW. 

TABLE 3 

Hydrosilylation of Carbonyl Compounds by W and Mo Catalysts 

total 
silane/ initial TONC 

catalysta substrate TOEb (yield, time 
# (T, O C.) silane ratio substrate products h’1 %) hours 

1 W HSiEt3 1.2 O O 1490 466 1 

(23) \Jk/ \JK/ (93-2) 
0 62 21 (4.1) 

: 0 52 14 (2.7) 

2 MO HSiEt3 1.2 O O 10 29 (5.8) 25 

(23) \Jk/ \JK/ 
O n. d.(1 1 (0.2) 

: o 0 0(0) 

3 MO HSiEt3 1.2 O O 10 12 (2.3) 1.2 

(53) \)l\/ \Jk/ 
O n. d. 1 (0.2) 

: o 0 0 (0) 

4 W HSiEt3 1.2 OSiEt3 W 104 446 23 
(23) (89.1) 

(89.1) 
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TABLE 3-continued 

30 

Hydrosilylation of Carbonvl Compounds by W and Mo Catalvsts 

total 
silane/ initial TONC 

catalysta substrate TOEb (yield, time 
# (T, O C.) silane ratio substrate products h’1 %) hours 

M n. d. 11 (2.1) 

\)O\/ 
5 MO HSiEt3 1.2 05133 W 1 12 (2.4) 23 

(23) \/i\/ / 

M O 0 (0) 

\i/ 
6 MO HSiEt3 1.2 05133 W 11 111 23 

(53) W / (22-1) 

/\(\ 0 0 (0) 

\jV 
7 W HSiEt3 1.2 OSiEt3 66 4494 21 

(23) (98.7) 

Et3SiO\/\/\ 0 2 (0.4) 
s W HSiEt3 2.3 OSMeZPh EtOSiEt3 173 468 26 

(23) (93.6) 
Et2O n. d. 30 (5.9) 

binitial TOF is an average turnover frequency for a given product, measured Within the ?rst 15-20 minutes of the reaction. 
Ctotal TON is a total number of turnovers for a given product, measured at the end of the reaction. The end of the reaction 
is de?ned either by complete conversion of the substrate (organic carbonyl compound) or by complete decomposition of 
the catalysts to unreactive species. 
dn. d.—not determined 

Example 17 

Catalytic Hydrosilylation of an Ester 

This example is similar to Example 15, except that 
hydrosilylation of an ester required 2 equivalents of HSiEt3 
per 1 equivalent of substrate. In a glove box, CpW(CO)2 
(IMes)+B(C6F5)4_ (2.8 mg, 0.002 mmol), ethyl acetate (98 
pL, 1.00 mmol), HSiEt3 (352 pL, 2.20 mmol), and two 
sealed capillaries With C6D6 Were placed in an NMR tube 
equipped With a te?on valve. The reaction Was carried out at 
23° C. At high conversions the polarity of the medium 
drastically decreased. A light purple precipitate Was formed 
and solution turned colorless. After 18 minutes, TON 
(alkoxysilane) Was 52 and TON(ether) Was 0. After 26 
hours, TON(alkoxysilane) Was 468 and TON(ether) Was 30, 
representing a total of 100% conversion of the initial ester. 
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Example 18 

Catalytic Hydrosilylation of an Aldehyde 

This example is similar to Example 15, except that 
l-heptanal Was used instead of 3-pentanone. In a glove box 
CpW(CO)2(IMes)+B(C6F5)4_ (4.1 mg, 0.003 mmol), 
l-heptanal (209 pL, 1.50 mmol), HSiEt3 (288 pL, 1.80 
mmol), and tWo sealed capillaries With C6D6 Were placed in 
an NMR tube equipped With a te?on valve. The reaction Was 
carried out at 23° C. At high conversions polarity of the 
media drastically decreased. A light yelloW precipitate Was 
formed and solution turned light yelloW. After 15 minutes, 
TON(alkoxysilane) Was 248 and TON(ether) Was 96. After 
1.5 hours, TON(alkoxysilane)=295 and TON(ether)=105, 
representing a total of 81% yield and a 100% consumption 
of the initial aldehyde. 
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Example 19 

Catalytic Hydrosilylation of Et2C=O With 
HSiMeZPh 

In a glovebox [CpW(CO)2(IMes)]+[B(C6F5)4]_.CH3Ph (4 
mg, 0.003 mmol), as prepared in Example 5, Et2C=O (1.50 
mmol, 159 ML), and HSiMeZPh (280 pL, 1.80 mmol) Were 
placed in an NMR tube equipped With a Te?on valve. TWo 
sealed capillaries With C6D6 Were placed in the tube for the 
purpose of NMR lock. The tube Was shaken to mix the 
ingredients, producing a yelloW homogeneous solution. The 
reaction Was carried out at room temperature (about 23° C.) 
and reached completion before the ?rst NMR measurement, 
in about less then 15 min. The mixture appeared deceptively 
homogeneous, but small amount of broWn oil precipitated 
after an overnight period. 

Example 20 

Catalytic Hydrosilylation of Aromatic Ketones 

In a glove box [CpW(CO)2(IMes)]+[B(C6F5)4]_.CH3Ph 
(4 mg, 0.003 mmol), as prepared in Example 5, aromatic 
ketone (1.50 mmol, 175 pL in case of PhC(O)Me or 182 pL 
in case of p-F—C6H4C(O)CH3), HSiEt3 (288 pL, 1.80 
mmol), and tWo sealed capillaries With C6D6 Were placed in 
an NMR tube equipped With a Te?on valve. The reaction 
Was carried out either at room temperature (about 23° C.) or 
at 53° C. in a constant-temperature bath. The progress of the 
reaction Was periodically monitored by 1H NMR. The color 
gradually changed from purple to light broWn, and small 
amount of broWn oily precipitate Was formed. 

Example 21 

Composition of the Liquid Clathrate Formed in the 
Hydrosilylation of PhC(O)Me 

In a glove box [CpW(CO)2(IMes)]+[B(C6F5)4]_.CH3Ph 
(40 mg, 0.030 mmol), as prepared in Example 5, PhC(O)Me 
(1.50 mmol, 175 ML), and HSiEt3 (288 pL, 1.80 mmol) Were 
mixed and placed in a Pasteur pipet sealed at the narroW end. 
The pipet Was capped With a rubber septa and Was left at 
room temperature (about 23° C.) inside the glove-box. The 
color quickly changed from purple to light broWn, and 
broWn oily precipitate Was formed in the narroW part of the 
pipet Within about 30 minutes. The oil proved to be viscous 
and dif?cult to transfer from one vessel to another, and the 
use of a sealed pipet Was a convenient Way to deliver the oil 
to the narroW part of the pipet. The system Was alloWed to 
equilibrate for another 2 h, and the top liquid phase Was 
removed. The bottom section of the pipet Was cut off 
yielding a capillary ?lled With broWn oil. This capillary and 
tWo sealed capillaries With C6D6 Were loaded in an NMR 
tube equipped With a Te?on valve. Note that constraining the 
oil to a narroW capillary Was done primarily for the purpose 
of better magnetic ?eld homogeneity throughout the sample 
and therefore, better resolution in the NMR spectra. The 
composition of the oil Was determined by 1H NMR spec 
troscopy to have about 3.4 equivalents of PhCH(CH3) 
OSiEt3 per [CpW(CO)2(IMes)H2]+[B(C6F5)4]_.). The prod 
uct had the folloWing identi?cation data: 1H NMR (neat) 6 
7.0 and 6.9 (overlapping br s, v1/2~150 HZ, 5H of Ph and 6H 
of IMes), 4.6 (br s, v1/2=150 HZ, 1H of PhCH and 5H of Cp), 
1.9 and 1.7 (overlapping br s, v1/2~300 HZ, 18H, IMes), 1.1 
(br s, v1/2~150 HZ, 3H, MeCHOSi), 0.7 (br s, v1/2~150 HZ, 
9H, MeCHZSi), 0.3 (br s, v1/2~150 HZ, 6H, MeCHZSi), —1.1 
(br s, v1/2~200 HZ, 2H, WH2. 
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Example 22 

Catalytic Hydrosilylation of Ethyl Acetate 

In a glove box [CpW(CO)2(IMes)]+[B(C6F5)4]_~CH3Ph 
(2.8 mg, 0.002 mmol), ethyl acetate (98 pL, 1.00 mmol), 
HSiEt3 (352 pL, 2.20 mmol), and tWo sealed capillaries With 
C6D6 Were placed in an NMR tube equipped With a Te?on 
valve. The reaction Was carried out at room temperature 
(~23° C.). At high conversions polarity of the medium 
drastically decreased and a purple oil separated from a very 
light purple solution. When all carbonyl substrate Was 
consumed, the solution turned colorless and the oil changed 
color from purple to yelloW and gradually turned into a solid 
or a semi-solid. 

CharacteriZation of products of hydrosilylation. The prod 
ucts Were characteriZed by GC-MS, 1H, and 13C NMR. 
Identi?cation data of Et2CHOSiEt3, EtOSiEt3, and PhCH 
(CH3)OSiEt3 is set forth beloW. The products had the 
folloWing identi?cation data: 
Et2CHOSiEt3: 1H NMR (CDCl3) 6 3.53 (quintet, 1H, 
3JHH=6 HZ, Et2CH), 1.47 (m, 4H, CH2CH), 0.98 (t, 9H, 
3JHH=8 HZ, CH3CH2Si), 0.89 (t, 6H, 3JHH=8 HZ, 
CH3CH2CH), 0.62 (q, 6H, 3JHH=8 HZ, CH3CH2Si). 1H 
NMR (C6D6) 6 3.48 (quintet, 1H, 3JHH=6 HZ, EtZCH), 1.44 
(m, 4H, CH2CH), 1.01 (t, 9H, 3JHH=8 HZ, CH3CH2Si), 0.87 
(t, 6H, 3JHH=8 HZ, CH3CH2CH), 0.60 (q, 6H, 3JHH=8 HZ, 
CH3CH2Si). 13C NMR (CDCl3) 6 75.0 (s, EtZCH), 29.6 (s, 
CH2CH), 9.9 (s, CH3CH2CH), 7.1 (s, CH3CH2Si), 5.3 (s, 
1JCSi=59 HZ, CH3CH2Si). MS, m/Z 201 ((M-H)", 1), 173 
(95), 103 (100), 75 (80). 
(Et2CH)2O: 1H NMR (CDCl3) 6 3.16 (quintet, 1H, 3JHH=6 
HZ, Et2CH), 1.47 (m, 4H, CH2CH), 0.89 (t, 6H, 3JHH=8 HZ, 
CH3CH2CH). 1H NMR (C6D6) 6 3.04 (quintet, 1H, 3JHH=6 
HZ, Et2CH), 1.44 (m, 4H, CH2CH), 0.87 (t, 6H, 3JHH=8 HZ, 
CH3CH2CH). 13C NMR (CDCl3) 6 79.7 (s, EtZCH), 26.6 (s, 
CH2CH), 9.9 (s, CH3CH2CH). MS, m/Z 129 ((M-Et)", 20), 
71 (40), 59 (100). 
EtZCHOSiMeZPh: 1H NMR (CDCl3) 6 7.66 (m, 2H, o-Ph), 
7.41 (m, 3H, m-Ph and p-Ph), 3.60 (quintet, 1H, 3JHH=6 HZ, 
EtZCH), 1.50 (m, 4H, CH2CH), 0.90 (t, 6H, 3JHH=7 HZ, 
CH3CH2CH), 0.45 (s, 6H, CH3Si). 1H NMR (C6D6) 6 7.60 
(m, 2H, o-Ph), 7.27 (m, 3H, m-Ph and p-Ph), 3.50 (quintet, 
1H, 3JHH=6 HZ, Et2CH), 1.46 (m, 4H, CH2CH), 0.88 (t, 6H, 
3JHH=7 HZ, CH3CH2CH), 0.39 (s, 6H, CH3Si). 13C NMR 
(CDCl3) 6 138.9 (s, i-Ph), 133.8 (s, o-Ph), 129.6 (s, p-Ph), 
127.9 (s, m-Ph), 75.6 (s, EtZCH), 29.5 (s, CH2CH), 10.0 (s, 
CH3CH2CH), —0.7 (s, 1JCSi=61 HZ, CH3Si). MS, m/Z 221 
((M-H)", <0.1), 207 (5), 193 (40), 137 (60), 135 (100). 
CH2=CH(CH2)2CH(Me)OSiEt3: 1H NMR (CDCl3) 6 5.80 
(m, 1H, HC=), 4.99 (dq, 1H, JHH=17 and 2 HZ, H2C=), 
4.92 (dm, 1H, JHH=10 HZ, H2C=), 3.80 (sextet, 1H, 3JHH=6 
HZ, SiOCH), 2.08 (m, 2H, CH2CH=), 1.50 (m, 2H, 
CH2CH2CH=), 1.13 (d, 3JHH=6 HZ, 3H, Me), 0.95 (t, 9H, 
3JHH=8 HZ, CH3CH2Si), 0.59 (q, 6H, 3JHH=8 HZ, 
CH3CH2Si). 13C NMR (CDCl3) 6 139.0 (s, HC=), 114.4 (s, 
H2C=), 68.1 (s, SiOCH), 39.2 and 30.3 (s, CH2), 24.0 (s, 
Me), 7.1 (s, CH3CH2Si), 5.2 (s, 1Jcsi=59 HZ, CH3CH2Si). 
MS, m/Z 213 ((M-H)", <0.1), 185 (40), 103 (100), 75 (60). 
PhCH(CH3)OSiEt3: 1H NMR (CDCl3) 6 7.43 (m, 2H, Ph), 
7.39 (m, 2H, Ph), 7.30 (m, 1H, Ph), 4.97 (q, 1H, 3JHH=6 HZ, 
CH3CH), 1.53 (d, 3H, 3JHH=6 HZ, CH3CH), 1.03 (t, 9H, 
3JHH=8 HZ, CH3CH2Si), 0.68 (dq, 6H, 3JHH=4 and 8 HZ, 
CH3CH2Si). 1H NMR (C6D6) 6 7.33 (m, 2H, Ph), 7.18 (m, 
2H, Ph), 7.07 (m, 1H, Ph), 4.77 (q, 1H, 3JHH=6 HZ, CH3CH), 
1.40 (d, 3H, 3JHH=6 HZ, CH3CH), 0.94 (t, 9H, 3JHH=8 HZ, 
CH3CH2Si), 0.56 (dq, 6H, 3JHH=4 and 8 HZ, CH3CH2Si). 
13C NMR (CDCl3) 6 147.1 (s, i-Ph), 128.3 (s, o- or m-Ph), 
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127.0 (s, p-Ph), 125.4 (s, o- or m-Ph), 70.8 (s, CHCH3), 27.5 
(s, CH3CH), 7.0 (s, CH3CH2Si), 5.1 (s, 1JCSi=59 HZ, 
CH3CH2Si). MS spectrum matched With National Institute 
of Standards and Technology (NIST) database. 
p-F—C6H4—CH(CH3)OSiEt3: 1H NMR (CDCl3) 6 7.39 
(m, 2H, Ar), 7.05 (tt, 2H, JHH=3 and 9 HZ, Ar), 4.95 (q, 1H, 
3JHH=6 HZ, CH3CH), 1.50 (d, 3H, 3JHH=6 HZ, CH3CH), 
1.02 (t, 9H, 3JHH=8 HZ, CH3CH2Si), 0.67 (dq, 6H, 3JHH=3 
and 8 HZ, CH3CH2Si). 1H NMR (C6D6) 6 7.10 (m, 2H, Ar), 
6.82 (m, 2H, Ar), 4.66 (q, 1H, 3JHH=6 HZ, CH3CH), 1.30 (d, 
3H, 3JHH=6 HZ, CH3CH), 0.93 (t, 9H, 3JHH=8 HZ, 
CH3CH2Si), 0.53 (dq, 6H, 3JHH=3 and 8 HZ, CH3CH2Si). 
13C NMR (CDCl3) 6 162.1 (d, 1JCF=244 HZ, Ar), 143.0 (d, 
4JCF=3 HZ, Ar), 126.9 (d, 3JCF=8 HZ, Ar), 115.0 (d, 2JCF=21 
HZ, Ar), 70.3 (s, CHCH3), 27.5 (s, CH3CH), 6.9 (s, 
CH3CH2Si), 5.1 (s, 1JCSi=59 HZ, CH3CH2Si). MS matched 
With NIST database. 

C3H5CH(CH3)OSiEt3: 1H NMR (CDCl3) 6 3.10 (q, 1H, 
3JHH=6 HZ, CH3CH), 1.08 (d, 3H, 3JHH=6 HZ, CH3CH), 
0.82 (t, 9H, 3JHH=8 HZ, CH3CH2Si), 0.72 (m, 1H, 
CHCHCH3), 0.44 (q, 6H, 3JHH=8 HZ, CH3CH2Si), 0.27 (m, 
2H, CHZCH), 0.12 (m, 1H, CHZCH), —0.02 (m, 1H, 
CHZCH). 13C NMR (CDCl3) 6 72.3 (s, CH3CH), 24.0 (s, 
CH3CH), 19.3 (s, CHCHCHB), 7.0 (s, CH3CH2Si), 5.3 (s, 
1Jcsi=59 HZ, CH3CH2Si), 3.3 (s, CHZCH), 2.1 (s, CHZCH). 
MS, m/Z 171 ((M-Et)", 80), 143 (85), 103 (100), 75 (95). 
CH3CH=CH(CH2)2OSiEt3: 1H NMR (CDCl3) 6 5.30 (m, 
2H, =CH), 3.46 (t, 2H, 3JHH=7 HZ, CHZO), 2.07 (q, 2H, 
3JHH=7 HZ, CHZCHZO), 1.50 (d, 3H, 3JHH=6 HZ, 
CH3CH=), 0.79 (t, 9H, 3JHH=8 HZ, CH3CH2Si), 0.38 (q, 
6H, 3JHH=8 HZ, CH3CH2Si). 13C NMR (CDCl3) 6 127:8 (s, 
=CH), 127.0 (s, =CH), 63.2 (s, CHZO), 36.6 (s, 
CH2CH—2 O), 18.1 (s, CH3CH=), 6.9 (s, CH3CH2Si), 4.7 
(s, 1JCSi=59 HZ, CH3CH2Si). MS, m/Z 171 ((M-Et)", 100), 
117 (90), 115 (70), 75 (75). 

Example 23 

In this example a disubstituted cyclopentadiene, 1,3 
(C6F5C6H12)2C5H4, is prepared by a procedure described in 
Venier, C. G., et al, 1990, for the preparation of di-tert 
butylcyclopendadiene, except that I(CH2)6C6F5 is used 
instead of tert-butyl bromide. Deprotonation of 1,3 
(C6F5C6H12)2C5H4 With n-BuLi in hexane produces 1,3 
(C6F5C6H12)2C5H3Li, Which is then converted to 
[(C6F5C6H12)2C5H3]W(CO)3H using a procedure as 
described in Cheng, T. Y., et al. 1998, for the synthesis of 
(C5H4CO2CH3)W(CO)3H~ [(C6F5C6H12)2C5H3]W(CO)3H 
is converted to [C6F5C6H12)2C5H3]W(CO)2(PPh3)H using a 
procedure described in Bainbridge, A., et al 1968. 
[CGFSC6H12)2C5H3]W(CO)2(PPh3)H is then converted to 
[(C6F5C6H12)2C5H3]W(CO)2(IMes)H (IMes=1,3-bis(2,4,6 
trimethylphenyl)-imidaZol-2-ylidene) using a procedure 
described in Dioumaev, V. K. et al. 2003. Reaction of the 
tungsten metal hydride With Ph3C+B(C6F5)4_ produces 
[(C6F5C6H12)2C5H3]W(CO)2(IMeS)+B(C6F5)4— by a proce' 
dure as described in Dioumaev, V. K. et al., 2003. 

[(1>3_(C6F5C6H12)2C5H3]W(CO)2(IMeS)+B(C6F5)4—> as 
shoWn in formula VII is a clathrate enabled catalyst that can 
be used for hydrogenation or hydrosilylation of ketones. 
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Wherein GArF is (CH2)6C6F5; and Mes is 2,4,6 
trimethylphenyl. 

The synthesis of this complex is achieved by reacting 
commercially available 1,6-dibromohexane [Br(CH2)6Br] 
With Mg metal in diethyl ether at room temperature for 6 
hours to produce BrMg(CH2)6MgBr. An excess of BrMg 
(CH2)6MgBr is coupled With commercially available 
CGFSBr using a palladium-catalyZed cross-coupling 
reaction, folloWed by reaction With iodine, to generate 
C6F5(CH2)6I. Palladium-catalyzed cross couplings folloW 
the procedure described in Diederich, F., et al., 1998 and can 
be accomplished either from the Grignard reagent as shoWn 
beloW in equation 3 and as described by Hayashi, T., et al., 
1984, or through the use of tin reagents as described by 
Stille, J. K., 1986, or through the use of boron reagents as 
described by Miyaura, N., et al., 1995. 

The resultant alkyl iodide, C6F5(CH2)6I abbreviated as 
RCGA’F I, is reacted With Mg to form the Grignard reagent 
RCGA’FMgI, Which is then reacted With commercially avail 
able 2,6-dibromo-4-methylaniline, in a palladium-catalyZed 
coupling reaction, to produce the substituted aniline com 
pound shoWn in the equation (4) beloW. 

(4) 

Pd catalyst 
—> 

RCEAIF 

HZN 

RCEAIF 

This substituted aniline is reacted With aqueous glyoxal, 
paraformaldehyde and hydrochloric acid according to pro 
cedures as described in US. Pat. No. 5,077,414, to A. J. 
Arduengo, III incorporated herein by reference to produce 
the substituted imidaZolium cation shoWn beloW in formula 
X: 
















